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Summary 
Carbon-based materials with various porous structures represent a very important 
family of electrode materials for electrochemical energy storage. Since the first 
commercialization of porous-carbon-based supercapacitors in 1957, these energy-
storage devices have increasingly found  applications as power back up systems in 
consumer electronics, UPSs, windmills, eletric and hybrid electric vehicles, buses, 
trains, airplanes, telecommunication systems and industrial equipment. The fast 
growing of the supercapacitor market depends critically upon the development of 
innovative electrode materials with a high-energy density coupled with a low cost.   
Recent research on electrode materials for supercapacitors has advanced rapidly. 
Various materials with designed physicochemical and morphological properties have 
been demonstrated to hold a great promise for the nect-generation high-energy 
supercapacitor electrodes. Important properties of supercapacitor electrodes, such as 
surface area, porous structure, pore size, electrical conductivity, stability, and surface 
chemistry are the crucial parameters that must be considered in the design and 
development of high-performance supercapacitor devices. However, the envisaged 
applications of supercapacitors have not been fully exploited because of a number of 
reasons, of which there are two key technical deficiencies associated with the electrode 
of the commercial supercapacitors: one is their low energy density (the currently 
commercially available supercapacitors have an energy density of about 1/5 – 1/10 of 
that of batteries; the other one is their faster self discharge rate than batteries. This 
thesis work was aimed to design and synthesis of carbon-based materials for high-
energy and high-power supercapacitor applications with long cycle life.  
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A series of carbon-based materials, including two-dimensional (2D) graphene-based 
nanosturctures modified with conducting polymers (CPs) and carbon nanotubes 
(CNTs), three-dimensional (3D) templated microporous carbon doped with nitrogen, 
3D templated mesoporous carbon modified with manganese oxide, and 3D 
macropororous carbon prepared with colloidal crystals template and modified with 
CPs, were prepared, characterized and evaluated as supercapacitor electrodes. Both 
physical and chemical properties of the materials were found to largely affect the final 
capacitive performance of the electrode materials.  
On the basis of colloidal self-assembly theory, 2D graphene-based composite 
nanostructures were prepared by sandwiching CPs of controllable morphology within 
graphene oxide (GO) sheets. An extremely high energy density (as high as 70 Wh kg-1 
at a power density of 1 kW kg-1 based on a single-electrode cell) was realized from the 
CPs-pillared GO electrodes. An innovative approach to the preparation of a 3D 
carbon-nanotube-pillared graphene-based nanostructure with tunable length of the 
CNTs was demonstrated. The synergetic effect between the one-dimensional (1D) 
CNTs and 2D graphene sheets effectively reduced the dynamic resistance of 
electrolyte ions, thus significantly minimizing the equivalent series resistance (ESR). 
Functionalized microporous carbon and transition metal oxide decorated mesoporous 
graphitic carbon were prepared and investigated as electrode materials for 
supercapacitors. The results showed that the presence of micropores and the effective 
utilization of electro-active materials are essential in realizing high-energy density 
supercapacitors. The presence of mesopores enabled ions to rapidly diffuse to 
approach the surface of the active electrode, leading to a high-rate capability. The 
contributions from the electro-active functionalities such as nitrogen- and oxygen-
containing groups were found to be different in proton-rich and proton-free electrolyte 
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solutions. Nitrogen-containing functionalities were observed to play an important role 
in the adsorption/desorption of K+ ions, especially at a more negative applied potential.  
3D interconnected porous composite electrode materials consisting of hierarchical 
3D ordered macroporous (3DOM) carbon and a thin layer of polyaniline (PANi) were 
prepared. The electrochemical results showed that the composite electrodes possessed 
good capacitive properties and a very high specific capacitance (1490 F g-1) for the 
PANi in the composite. The performance of the composites strongly depended on their 
microtexture. The ordered 3D interconnected macroporous structure provided a fast 
ion transportation pathway for the electrolyte to reach the surface of the active material. 
In addition, it served as a good support to minimize the degradation of the conducting 
polymer during cycling. Furthermore, it offered a large surface for the deposition of 
the active material, thus increasing the utilization of the electroactive regions. 
Additionally, a thin and porous layer of PANi deposited on the carbon wall greatly 
shortened the diffusion length, hence providing not only an enhanced energy storage 
capacity but also a good rate capability. The greatly enhanced electrochemical 
properties of the composite materials were attributed to the well-designed chemical 
and physical properties. 
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1.1 Global energy issues and energy storage devices 
Global warming and limited resources of fossil fuels have been increasingly driving 
the world towards clean energy development. With the fast-growing market for 
portable electronic devices and hybrid electric vehicles, there has been an increasing 
and urgent demand for environmentally friendly high-power energy resources. 
Supercapacitors, also known as electrochemical capacitors or ultracapacitors, are 
gaining increasing attention because of their pulse power supply, long cycle life (> 
100,000 cycles), simple principle, and high dynamics of charge propagation (Burke, 
2000; Winter and Brodd, 2004; Miller and Simon, 2008; Zhang and Zhao, 2009). With 
many thousands of times higher power density than lithium ion batteries and much 
larger energy density than conventional capacitors, supercapacitors offer a promising 
approach to meeting the increasing power demands of energy storage systems. As 
illustrated in Figure 1.1, where various energy conversion and storage devices are 
compared and presented in the simplified ‘Ragone plot’, supercapacitors occupy an 
important position in terms of the specific energy as well as the specific power. With 
the high power capability and the relatively large energy density as compared to the 
conventional capacitors, supercapacitors offer a promising approach to meeting the 
increasing power demands of energy storage systems in the twenty-first century. 
Nowadays, supercapacitors are widely used in consumer electronics, memory back-up 
system, regenerative braking applications and industrial power and energy 
management (Miller and Simon, 2008). They are ideal for applications having a short 
load cycle and high reliability requirement, such as energy capture sources including 
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load crane, forklifts and electric vehicles (Miller and Burke, 2008). A more recent 
application is the use of supercapacitors in emergency doors on the Airbus A380, 
showing their safe and reliable performance.  
While the energy density of supercapacitor is much higher compared to 
conventional dielectric capacitor, it is still lower than batteries and fuel cells. Most of 
the available commercial supercapacitor products have specific energy densities less 
than 10 Wh kg-1, which is 3 to 15 times smaller than that of batteries (150 Wh kg-1 is 
possible for lithium-ion batteries) (Obreja, 2008). Thus, there has been a strong 
research interest to increase the energy performance of supercapacitor to be close to or 
even larger than that of batteries.  
 
Figure 1.1 Ragone plot showing the specific power against specific energy for various 
electrical energy storage systems (Simon and Gogotsi, 2008). 
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1.2 Key issues in developing high-energy-density electrodes 
A supercapacitor stores energy using either ion adsorption (electrical double layer 
capacitors, EDLCs) or fast and reversible faradic reactions (pseudocapacitors). These 
two mechanisms can function simultaneously depending on the nature of the electrode 
material. Progress towards supercapacitor technologies can benefit from the 
continuous development of nanostructured electrode materials. A number of recent 
reviews and books have discussed the scientific and technological aspects of 
supercapacitor devices and electrode materials (Conway, 1999; Burke, 2000; Winter 
and Brodd, 2004; Arico et al., 2005; Naoi and Simon, 2008; Simon and Gogotsi, 
2008). In the development of EDLCs, a proper control over the pore size and specific 
surface area of the electrode for an appropriate electrolyte solution is crucial to ensure 
a good performance of the supercapacitor in terms of both power delivery rate and 
energy storage capacity (Largeot et al., 2008). To further enhance the specific 
capacitance of the electrode, the pseudo-capacitance that is due to the presence of 
foreign electro-active species on the electrode can be coupled with the electrical 
double layer capacitance. The capacitive performance of various carbon-based 
electrodes and the most commonly studied pseudo-capacitive materials in the literature 
are shown in Table 1.1.  
Carbon-based materials ranging from ACs to CNTs are the most widely used 
electrodes because of the often-cited desirable physical and chemical properties. These 
properties include low cost, various forms (powers, fibers, aerogels, composites, sheets, 
monoliths, tubes, etc.), easy process ability, relatively inert electrochemistry, 
controllable porosity and electrocatalytic active sites for a variety of redox reactions 
(Pandolfo and Hollenkamp, 2006; Frackowiak, 2007).  
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Table 1.1 Properties and characteristics of various carbon and carbon-based 
materials as supercapacitors electrodes 
Materials 
Specific 





 (m2 g-1) (g cm-3) (F g-1) (F cm-3) (F g-1) (F cm-3) 
Carbon materials       
Commercial activated 
carbons (ACs) 1000-3500 0.4-0.7 < 200 < 80 < 100 < 50 
Particulate carbon from 
SiC/TiC 1000-2000 0.5-0.7 170-220 <120 100-120 <70 
Functionalized porous 
carbons 300-2200 0.5-0.9 150-300 <180 100-150 <90 
CNT 120-500 0.6 50-100 < 60 <60 <30 
Templated porous 
carbons (TC) 500-3000 0.5-1 120-350 <200 60-140 <100 
Activated carbon fibers 
(ACF) 1000-3000 0.3-0.8 120-370 <150 80-200 <120 
Carbon cloth 2500 0.4 100-200 40-80 60-100 24-40 
Carbon aerogels 400-1000 0.5-0.7 100-125 < 80 < 80 < 40 
Carbon-based 
composite materials       
TC-RuO2 composite 600 1 630 630   
CNT-MnO2 composite 234 1.5 199 300   
AC-polyaniline 
composite 1000  300    
 
ACs are the commercially used electrode materials because of their large surface 
area, low cost and easy processability (Barbieri et al., 2005; Pandolfo and Hollenkamp, 
2006; Frackowiak, 2007). However, as is seen from Table 1.1, the limited energy 
storage capacity (typically below 200 F g-1) and rate capability restrict their 
applications only to certain niche markets. Templated porous carbons of microporous, 
mesoporous and macroporous sizes with a tailorable hierarchical structure hold a great 
promise as supercapacitor electrode materials. Graphene-based materials, including 1D 
CNTs and a new class of 2D graphene materials are of particular interest because of 
their exceptionally excellent electrical and mechanical properties and unique structures 
(Geim and Novoselov, 2007). On the other hand, the pseudo-capacitive materials 
including oxygen- and nitrogen-containing surface functional groups, electrically 
conducting polymers, and transition metal oxides (e.g., RuO2, MnOx, etc) are 
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promising high performance electrode candidates if the cost and the stability issues can 
be tackled.  
 
1.3 Objectives of thesis work 
This thesis work is aimed to design and prepare novel carbon-based materials with 
high-energy and high-power densities and long cycle life for supercapacitor 
application. A series of carbon-based materials, ranging from 3D interconnected 
macropororous carbons to 2D graphene-based architectures as well as functionalized 
mesoporous and microporous carbons were prepared, characterized and evaluated in 
terms of electrocapacitive properties to specifically: 
• find a proper electrode material with controllable porous structure and a 
high electrical conductivity, 
• optimize the energy density of the electrode material without deteriorating 
power density, 
• improve the cycle stability of the electrode material, 
• design novel nanostructured composite materials for high-performance 
supercapacitor applications. 
 
1.4 Structure of this thesis 
Beginning from a brief introduction to discuss the background of this thesis project 
in Chapter 1, Chapter 2 presents a comprehensive literature review on the working 
principle and the electrode materials for supercapacitors. Presented in Chapter 3 are the 
chemicals and reagents and experimental methods used in this thesis work. Chapter 4 
discusses the preparation, characterization and electrochemical properties of graphene-
based nanostructure electrodes with an emphasis on the relationship between structure 
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and electrochemical performance. Chapter 5 presents the research results of nitrogen-
doped microporous carbon electrodes prepared using the template method. Discussed 
in Chapter 6 are the experimental data of transition-metal-oxide-decorated mesoporous 
graphitic carbon, mainly focusing on how mesopores and graphitic structure benefit 
the ion transport as well as the influence of the transition metal oxide on the capacitive 
performance of the composite electrode. Chapter 7 presents the work on 3D 
interconnected macroporous composite electrodes consisting of hierarchical 3D 
ordered macroporous carbon and a thin layer of polyaniline. The effect of the 
microtexture and the effective utilization of the pseudo-active materials are discussed. 
Outlined in Chapter 8 are the main conclusions drawn from the present thesis work and 
the suggestions for future work.   
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2.1 The working principle of supercapacitors 
2.1.1 The mechanisms of energy storage in a supercapacitor 
Supercapacitors are electrochemical energy storage devices. The structure of a 
supercapacitor is similar to that of a battery. It consists of two porous electrodes with a 
current collector on each electrode immersed in an electrolyte separated by a dielectric 
porous separator. When a voltage potential is applied across the current collectors, the 
positive electrode attracts negative ions in the electrolyte, while the potential on the 
negative electrode attracts positive ions. The charge accumulated at both electrode 
surfaces generates energy when discharging (Figure 2.1). The components made up of 
the supercapacitor including the electrodes, the separator, the current collector, as well 
as the electrolyte all are important factors affecting the overall performance of the 
device that must be considered in designing a high-performance supercapacitor device. 
 
Figure 2.1 Schematic diagram of a supercapacitor device. 
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The way of supercapacitors storing energy is in principal based on two types of 
capacitive behaviors: the electrical double layer (EDL) capacitance from the pure 
electrostatic charge accumulation at the electrode interface and the pseudo-capacitance 
due to fast and reversibly surface redox processes at characteristic potentials. It is more 
convenient to discuss the two mechanisms separately though they usually function 
together in a supercapacitor. 
2.1.1.1 The EDL mechanism 
Conventional capacitors store little energy due to the limited charge storage areas 
and geometric constrains of the separation distance between the two charged plates. 
However, supercapacitors based on the EDL mechanism can store more energy 
because of the large interfacial area and the atomic range of charge separation 
distances. As schematically illustrated in Figure 2.2a (Zhang and Zhao, 2009), the 
concept of the EDL was first described and modeled by von Helmholtz in the 19th 
century when he investigated the distribution of opposite charge at the interface of 
colloidal particles (Helmholtz, 1853). The Helmholtz double layer model states two 
layers of opposite charges formed at the electrode-electrolyte interface separated by an 
atomic distance. The model is similar to that of two-plate conventional capacitors. This 
simple Helmholtz EDL model was further modified by Gouy (1910) and Chapman 
(1913) on the consideration of a continuous distribution of the electrolyte ions (both 
cations and anions) in the electrolyte solution because of thermal motion, which is 
referred as a diffuse layer (Figure 2.2b). However, the Gouy-Chapman model leads to 
an overestimation of the EDL capacitance since the capacitance of two separated 
arrays of charges increases inversely with their separation distance, hence a very large 
capacitance value would arise in the case of the point charge ions close to the electrode 
surface. Later, Stern (1924) combined the Helmholtz model with the Gouy-Chapman 
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model to explicitly recognize two regions of ion distribution – the inner region called 
the compact layer or stern layer and the diffuse layer (Figure 2.2c). In the compact 
layer, ions (very often hydrated) are strongly adsorbed by the electrode, thus the name 
of compact layer. In addition, the compact layer consists of specifically adsorbed ions 
(in most cases they are anions irrespective of the charge nature of the electrode) and 
non-specifically adsorbed counterions. The inner Helmholtz plane (IHP) and outer 
Helmholtz plane (OHP) are used to distinguish the two types of adsorbed ions. The 




















Figure 2.2 Models of electrical double layer at a positively charged surface: (a) the 
Helmholtz model, (b) the Gouy-Chapman model, and (c) the Stern model showing the 
IHP and OHP. The IHP refers to the distance of closest approach of specially adsorbed 
ions (generally anions) and OHP refers to that of the non-specifically adsorbed ions. 
The OHP is also the plane where the diffuse layer begins. d is the double layer distance 
described by Helmholtz model. 0ϕ  and ϕ  are the potentials at the electrode surface 
and the electrode/electrolyte interface, respectively (Zhang and Zhao, 2009). 
 
The capacitance in the EDL (Cdl) can be treated as the combination of the 
capacitances from two regions, the Stern type of compact double layer capacitance (CH) 
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The parameters that determine the EDL behavior at a planar electrode surface 
include the electrical filed across the electrode, the type of electrolyte, the solvent in 
which the electrolyte is dissolved, and the chemical affinity between the electrode 
surface and the electrolyte ion with an opposite charge to the electrode. Because the 
electrode is usually a porous material with a high specific surface area, the EDL 
behavior at the pore surface of the porous electrode is more complex than that at an 
infinitely planar surface as ion transportation in a confined system can be drastically 
affected by the tortuous mass transfer path, the space constrain inside the pores, ohmic 
resistance associated with electrolyte, and the wetting behavior of the pore surface by 
the electrolyte.  
For the EDL type of supercapcitor, the specific capacitance, C, (F g-1) of each 




C rεε=  
where rε  (a dimensionless constant) is the electrolyte dielectric constant, 0ε (F m
-1) is 
the permittivity of a vacuum, A (m2 g-1) is the specific surface area of the electrode 
accessible to the electrolyte ions, and d (m) is the effective thickness of the EDL (the 
Debye length). Based on equation (2.2), there should be a linear relationship between 
C and A. However, experimental results have shown that this simple linear relationship 
does not hold in many cases (Qu and Shi, 1998; Endo et al., 2001). It is traditionally 
believed that the submicropores of an electrode do not participate in the formation of 
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EDL due to the inaccessibility of the submicropore surfaces to large solvated ions. 
However, according to the work of Raymundo-Pinero et al. (2006), partial desolvation 
of hydrated ions can occur so that EDL can form in micropores. Gogotsi and co-
workers (2008) observed an anomalous capacitance increase in carbon electrodes with 
pore sizes less than 1 nm. The authors also observed that the EDL capacitance reached 
to a maximum when the electrode pore size was very close to the ion size, confirming 
capacitance contributions from the pores with sizes smaller than solvated ion size.  
These new experimental findings however cannot be fully interpreted by the EDL 
theory because in such confined spaces of micropores, there would be insufficient 
room to accommodate both the compact layer and diffuse layer. Huang and co-workers 
(2008b) proposed a heuristic approach to describing the capacitive behaviors of 
nanoporous-carbon-based supercapacitors. In this approach, the pore curvature is taken 
into account and different capacitive mechanisms are suggested for electrodes with 
different pore sizes. An electric double-cylinder capacitor (EDCC) model is used to 
describe mesoporous carbon electrodes while an electric wire-in-cylinder capacitor 
(EWCC) model is proposed for modeling microporous carbon electrodes as 
schematically illustrated in Figure 2.3. When the pores are large enough so that the 
pore curvature is no longer significant, the EDCC model goes naturally back to the 
traditional planar EDL model given in equation (2.2). The capacitance estimations for 
the two proposed models are given in equations (2.3) for the EDCC model and (2.4) 
















 Chapter 2. Literature Review 
   12 
in which b is the pore radius, d is the distance of approaching ions to the surface of 
carbon electrode, and a0 is the effective size of the counterions (that is, the extent of 
electron density around the ions).    
 
Figure 2.3. Schematic diagrams (top views) of (a) a negatively charged mesopore with 
solvated cations approaching the pore wall to form an electric double-cylinder 
capacitor and (b) a negatively charged micropore of radius b with cations lining up 
along the pore axis to form electric wire-in-cylinder capacitor (Huang et al., 2008b). 
 
 
With these models, the authors were able to fit the mathematical results obtained 
using equations (2.3) and (2.4) well with the experimental data regardless the types of 
carbon materials and the electrolytes employed. Both the anomalous increase in 
capacitance for pores below 1 nm and the trend of slightly increasing capacitance with 
the increase of pore size above 2 nm can be explained by fitting with the proposed 
EWCC and EDCC model respectively. In addition, the calculated dielectric constant 
from the fitting results using equation (2.4) is close to the vacuumed value, which 
indicates the desolvaion of hydrated ions before entering the micropores. 
2.1.1.2 The Pseudo-capacitance mechanism 
Different from the EDL capacitance, pseudo-capacitance arises for thermodynamic 
reasons between the extent of charge acceptance ( q∆ ) and the change of potential 
( V∆ ) (Conway, 1999). The derivative C = d( q∆ )/(d V∆ ) corresponds to a 
capacitance, which is referred to as the pseudo-capacitance. The main difference 
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between the pseudo-capacitance and the EDL capacitance lies in that pseudo-
capacitance is faradic in origin, involving fast and reversible redox reactions between 
the electrolyte and some electro-active species on the electrode surface. The most 
commonly known active species are ruthenium oxide (Hu et al., 2006), manganese 
oxide (Zhang et al., 2008a), vanadium nitride (Choi et al., 2006), electrically 
conducting polymers such as PANi (Fan et al., 2007), and oxygen-/nitrogen-containing 
surface functional groups (Seredych et al., 2008). Though the pseudo-capacitance can 
be higher than EDL capacitance, it surfers from the drawbacks of a low power density 
(due to the poor electrical conductivity), and lack of stability during cycling.  
A good example of material giving pseudo-capacitive property is ruthenium oxide. 
Due to its intrinsic reversibility of various surface redox couples (Wen and Hu, 1992; 
Conway, 1999) and high conductivity, the electrochemical behavior of both 
amorphous and crystalline forms of ruthenium oxide has been widely studied in acidic 
electrolyte solution over the past few decades. It has been shown that amorphous 
hydrous ruthenium oxide ( OxHRuO 22 ⋅ ) exhibited much higher specific capacitance 
value (720 F g-1) than anhydrous ruthenium oxide (Zheng et al., 1995). This is 
attributed to the mixed proton-electron conductivity within OxHRuO 22 ⋅  as the 
superficial redox transitions of ruthenium oxide involve the proton and electron double 
injecting/expelling according to the following reaction (Conway, 1999; Hu et al., 
2006): 
δδδδ +−
−+ ⇔++ yxyx OHRuOeHOHRuO )()(  (2.5) 
where yx OHRuO )(  and δδ +− yx OHRuO )(  represent the interfacial oxyruthenium 
species at higher and lower oxidation states. In a proton-rich electrolyte (e.g. H2SO4), 
the faradic charges can be reversibly stored and delivered through the redox transitions 
of the oxyruthenium groups, i.e., Ru(IV)/Ru(III) and Ru(III)/Ru(II). Based on the 
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mean electron transfer numbers, the theoretical specific capacitance of OxHRuO 22 ⋅  is 
estimated to range from ca. 1300 to 2200 F g-1 (Hu et al., 2004). A very high specific 
capacitance of 1300 F g-1 was reported for a pure bulk nanostructured OxHRuO 22 ⋅  
electrode (Hu et al., 2006). As implied by equation (2.5), the reversible redox 
transitions depend on both proton exchange and electron-hopping processes. In 
addition, the hydrous nature of OxHRuO 22 ⋅  ensures high rate of proton exchange 
because the surface of hydrous oxide has been considered as a proton liquid (Long et 
al., 1999). As a result, the designed nanostructure demonstrated a promising electrode 
material for energy storage. However, the cost of precious metal oxide and difficulty in 
large scale production limit its practical applications.         
2.1.2 The performance of supercapacitors 
There are fundamental differences between batteries and supercapacitors in terms of 
energy storage mechanism and electrode materials. Hence, the characteristic 
performance of supercapacitors setting them apart from batteries should be attained in 
the technology improvement. 
The performance of supercapacitors is mainly evaluated on the basis of the 
following criteria: (1) a power density substantially greater than batteries; (2) an 
acceptably high energy density; (3) an excellent cycle ability (more than 100 times of 
batteries); (4) fast charge/discharge processes within seconds; (5) low self-discharging; 
(6) safe operation, and (7) low cost. The basic operation of a single-cell supercapacitor 
consisting of two electrodes is illustrated in Figure 2.4 as a simple representation of an 
equivalent resistor-capacitor (RC) circuit. Here, Ca and Cc are the capacitances of the 
anode and cathode, respectively (the specific capacitance of a single electrode reported 
in the literature is usually based on three-electrode cell configuration). Rs is the 
equivalent series resistance (ESR) of the cell. RF is the resistance responsible for the 
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self-discharge of a single electrode (RFa and RFc refer to RF for the anode and cathode, 






Figure 2.4 A simple RC equivalent circuit representation illustrates the basic operation 
of single-cell supercapacitor.  
 
 
In the RC circuit, the time constant expressed as resistance (R) times capacitance 
(C) gives important information on the characteristic of a capacitor. For example, the 
time constant of the self-discharge for anode is equal to RFaCa and hence a larger value 
of RFa is desirable for a smaller leakage of the anode. The maximum energy stored and 
power delivered for such a single cell supercapacitor is respectively given in equations 
(2.7) and (2.8): 
)7.2(
2





VP =  
where V is the cell voltage (in volts), CT is the total capacitance of the cell (in farads) 
and Rs is the ESR (in ohms). Each element inside the equivalent circuit is crucial to the 
final performance of the supercapacitor. The capacitance of the cell depends 
extensively upon the electrode material. The cell voltage is limited by the 
thermodynamic stability of the electrolyte solution. ESR comes from various types of 
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resistance associated with the intrinsic electronic properties of the electrode matrix and 
electrolyte solution, mass transfer resistance of the ions in the matrix, contact 
resistance between the current collector and the electrode. Hence, for a supercapacitor 
with a good performance, it must simultaneously satisfy the requirement of having 
large capacitance value, high operating cell voltage and minimum ESR. It is thus 
obvious that the development of both electrode materials as well as the electrolyte 
solutions in order to optimize the overall performance of supercapacitors.  
With regard to supercapacitor electrodes, high-surface-area carbon materials with a 
proper pore size distribution and pseudo-active materials with a good stability have 
been widely studied. The capacitive performance of various carbon-based electrodes 
and the most commonly studied pseudo-capacitive materials in the literature are shown 
in Figure 2.5 (Naoi and Simon, 2008).  
 
Figure 2.5 The capacitive performance for carbon and pseudocapacitor electrodes 
(Naoi and Simon, 2008). 
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     In addition, high-density electrode materials with a high volumetric energy density 
have received growing interests because such electrode materials are desirable for the 
design of high-compact energy storage devices. When electrolyte is considered, non-
aqueous electrolytes with a low resistivity are preferred for high-power- and high-
energy-density supercapacitors because of the high operating voltages of the non-
aqueous electrolyte (up to 4 V). The following section discusses recent advancements 
on various electrode materials for supercapacitor applications. 
 
2.2 Electrode materials for supercapacitors 
2.2.1 Carbon materials 
2.2.1.1 Activated carbon (AC) 
AC is the mostly widely used electrode materials due to their large surface area, 
relatively good electrical property and low cost. AC can be produced using either 
physical activation or chemical activation or a combination of both with various 
carbonaceous precursors (e.g., coal, wood, nutshells). Physical activation refers to the 
treatment of a carbon precursor at elevated temperatures (up to 1200 oC) in the 
presence of an oxidizing gas, such as steam, CO2 and air. Chemical activation is 
usually carried out at relatively low temperatures (from 400 to 700 oC) with an 
activating agent like phosphoric acid, potassium hydroxide, sodium hydroxide and zinc 
chloride. Depending on the activation methods as well as the carbon precursor used, 
numerous AC materials with various physicochemical properties have been used as 
supercapacitor electrodes (Qu and Shi, 1998; Salitra et al., 2000; Endo et al., 2001; 
Kierzek et al., 2004; Barbieri et al., 2005; Raymundo-Pinero et al., 2006a; Raymundo-
Pinero et al., 2006b). As AC materials produced using the activation methods have 
pores with a wide range of sizes, including micropores (< 2 nm), mesopores (2 – 50 
 Chapter 2. Literature Review 
   18 
nm) and macropores (> 50 nm), disproportion between the capacitance of the AC and 
the specific surface area has been observed. For instance, AC with a surface area of 
about 3000 m2 g-1 displayed a relative small specific capacitance of less than 10 µF cm-
2, which is smaller than the theoretical EDL capacitance (15 – 25 µF cm-2) (Conway, 
1999). The disproportion indicates that not all pores are effective in charge 
accumulation (Kierzek et al., 2004). Hence, although specific surface area is an 
important parameter for evaluating the performance of EDL capacitors, other aspects 
of the electrode such as pore size distribution, pore shape and connectivity, electrical 
conductivity and surface functionalities may significantly influence the 
electrochemical performance. Furthermore, excessive activation will lead to large pore 
volume, which results in the drawbacks of low material density and conductivity. 
These in turn cause a low volumetric energy density and loss of power capability. In 
addition, high active surface area may increase the risk of decomposition of the 
electrolyte at the dangling bond positions (Raymundo-Pinero et al., 2006b). The 
presence of acidic functionalities and moisture on the surface of AC is responsible for 
the aging of the supercapacitors electrode in organic electrolyte (Azais et al., 2007).  
The capacitive behaviors of AC electrodes in different electrolytes have been 
studied. In general, the capacitance of AC is higher in aqueous electrolytes (ranging 
from 100 F g-1 to 300 F g-1) than in organic electrolytes (less than 150 F g-1). The main 
reason is believed to be due to the larger size of the organic electrolyte ion than that of 
the aqueous electrolyte ion. Pores smaller than the electrolyte ion are inaccessible, thus 
not contributing to the charge storage. The wettability of the carbon surface by the 
electrolyte may be another reason. Salitra and co-workers (2000) concluded that pore 
sizes above 0.4 nm can be active in EDL charging in aqueous solution. Raymundo-
Pinero et al. (2006a) suggested that the optimal pore sizes for EDL capacitance are 0.7 
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nm in aqueous media and 0.8 nm in organic electrolyte, respectively. All these findings 
have shown the essential role of micropores which are electro-chemically accessible by 
the electrolyte ions on the capacitance performance. Recent studies (Largeot et al., 
2008) clearly demonstrated the relation between ion size and pore size for an EDLC 
using carbide-derived-carbons (CDCs) and concluded that the maximum EDL 
capacitance is achieved when pore size is matching with the ion size. The pore size 
dependant capacitive behavior is shown in Figure 2.6. 
 
Figure 2.6 Normalized capacitance as a function of pore size for CDC electrode. Ionic 
liquid EMI/TFSI was used as the electrolyte and the maximum capacitance is obtained 
at the pore size matching to the ion dimension (Largeot et al., 2008). 
 
 
Besides the porous structure of AC, surface functionalities also play an important 
role in the capacitive performance as they affect the wettability of carbon surface by 
the electrolyte and exhibit pseudo-capacitance (Pandolfo and Hollenkamp, 2006; 
Raymundo-Pinero et al., 2006b; Seredych et al., 2008). Pandolfo and Hollenkamp 
(2006) reviewed various types of functional groups on AC and pointed out that the 
presence of some surface oxygen-containing groups would result in instability of the 
electrode and increase in series resistance. Other studies (Azais et al., 2007; Zhu et al., 
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2008) showed that aging of AC electrodes in organic electrolyte is due to the presence 
of surface oxygen-containing groups.  
By selecting various carbon precursors as well as controlling the preparation 
conditions, it is possible to prepare AC materials with different functional groups. The 
most common one are oxygen-and nitrogen-containing groups. Oxygenated groups can 
be derived from oxygen-containing carbon precursors or from the treatment of carbon 
in the air (Fanning and Vannice, 1993; Pandolfo and Hollenkamp, 2006). Depending 
on the specific preparation procedure, acidic, basic and neutral oxygenated surface 
groups, can form on the surface of AC. Acidic groups, such as carboxylic, lactonic and 
phenolic functionalities, however, are less stable than basic and neutral groups. In spite 
of the fact that these acidic groups may increase the specific capacitance of the carbon 
through enhancing the surface wettability, they can potentially increase the rate of self-
charge by catalyzing the electrochemical redox reactions of some of the electrolyte 
components (Hsieh and Teng, 2002). 
Nitrogen can be incorporated into AC by ammoxidation (Jurewicz et al., 2003) or 
carbonization of a nitrogen-containing precursor at high temperatures (Lei et al., 2009; 
Su et al., 2010). Nitrogen can exist in AC in four types as shown in Figure 2.7. Those 
nitrogen atoms that have replaced carbon atoms in graphene and are bonded to other 
three carbon atoms are indexed to quaternary nitrogen (Q-N). Those that are bonded to 
two carbon atoms in six-membered rings at the edge of the graphene layer correspond 
to pyridinc-N (N-6). N-5 represents pyrrolic-N in five-membered rings and pyridonic-
N. N-X refers to pyridine N-oxide. 
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Figure 2.7 Schematic representation of the nitrogenated groups in the graphene sheet 
(Jurewicz et al., 2003).  
 
The capacitance behavior of nitrogenated carbon electrode is highly dependent on 
the nature of the electrolyte. In organic electrolytes, the effect of nitrogen is not 
evident. However, in aqueous electrolytes especially acidic media, the capacitance was 
found to linearly increase with the increase in nitrogen content (Frackowiak, 2007). 
The enhancement of the capacitance behavior in acidic electrolyte is associated with 
the pseudo-capacitance originated from the interaction between the nitrogen species 
and protons of the electrolyte (Hulicova et al., 2006).   
2.2.1.2 Templated carbons 
The template method offers another effective way to producing nanoporous carbons 
with well controlled pore size, large specific surface area and interconnected pore 
network, making them promising candidates as supercapacitor electrode materials. 
Recently, the synthesis of ordered nanostructured carbons using template methods has 
advanced very fast (Zhao et al., 2006; Liang et al., 2008). The procedure of template 
synthesis includes infiltration of carbon precursor into the pores of a template, 
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polymerization/carbonization, and finally the removal of the template to leave behind a 
porous carbon structure.  
Many carbon structures with well controlled pore sizes prepared using different 
templates and carbon precursors have been studied for supercapacitor applications 
(Ania et al., 2007; Frackowiak, 2007; Li et al., 2007b; Wang et al., 2008). Since the 
capacitance based on the EDL is closely associated with the specific surface area 
accessible to the electrolyte, microporous carbons replicated from zeolites using 
acrylonitrile and propylene as carbon precursors (Ania et al., 2007) have been found to 
possess a gravimetric capacitance of as high as 340 F g-1 in aqueous electrolyte with 
over 10000 cycles. Compared to ACs whose micropores are essentially of a broad 
distribution, the templated microporous carbons with narrow pore size distribution, 
well adapted pore size to the electrolyte ions and the ordered straight pore channels are 
better for use as high-energy-density electrode materials.  
Nitrogenated functional groups on carbon surface have been found to contribute 
significantly to the overall capacitance through the pseudo-capacitance (Hulicova et al., 
2005; Lota et al., 2005; Hulicova et al., 2006; Ania et al., 2007; Li et al., 2007a).  
Hulicova and co-workers (2005; 2006) described carbon electrode materials prepared 
using mica template and melamine as carbon precursor. The authors found that 
nitrogen-containing species were located preferably at the edges of graphene sheets. 
The maximum gravimetric specific capacitance of the carbon materials in aqueous 
H2SO4 solution was about 204.8 F g-1. The high values of capacitance in acidic 
aqueous solution is associated with the pseudo-capacitance originated from the 
interaction between the nitrogen species and the protons in the electrolyte as illustrated 
in the following equations (Beguin et al., 2005; Frackowiak, 2007; Li et al., 2007a): 
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>C=NH + 2e- + 2H+                 >CH-NH2 (2.9)
>CH-NHOH + 2 e- + 2 H+                >CH-NH2 + H2O         (2.10)  
Metal-organic frameworks (MOFs) have also been used as template for preparing 
microporous carbons as electrodes for EDL capacitor (Liu et al., 2008). A nanoporous 
carbon replicated from MOF-5 exhibited a BET surface area of 2872 m2 g-1, very close 
to the theoretical surface area of graphene sheets (2965 m2 g-1) (Chae et al., 2004). The 
specific capacitance of the nanoporous carbon measured using the galvanostatic 
charge/discharge technique was about 258 F g-1 at a current density of 250 mA g-1 in an 
acidic aqueous solution, which is much higher than that of mesoporous carbon 
replicated from SBA-15 templated. The large number of micropore, together with the 
mesopores created by the reduction of ZnO by carbon is believed to be responsible for 
the observed excellent electrochemical performances.  
Mesoporous carbon CMK-3 (Jun et al., 2000) replicated from SBA-15 template 
possesses 2D hexagonal nanorods consisting of either amorphous (Jun et al., 2000) or 
graphitic carbon (Kim et al., 2003). By controlling the amount of carbon precursor 
infiltrated in the pores of SBA-15, the so-called surface-templated carbon CMK-5 can 
be obtained (Joo et al., 2001). The unique properties of CMK-5 lie in the uniform 
nanopipes and extremely high specific surface area (Darmstadt et al., 2003; Kruk et al., 
2003; Lei et al., 2008). It has been reported that mesoporous carbon materials 
templated from MCM-48 and SBA-15 displayed good capacitive properties, power 
output and high-frequency performance in EDL capacitors (Xing et al., 2006). The 
unique mesoporous network of the templated carbon materials is favorable for fast ion 
transport in comparison with microporous carbon (Xing et al., 2006). Upon increasing 
the sweep rate from 5 mV s-1 to 50 mV s-1, mesoporous carbon replicated from SBA-
15 can retain about 87% of the initial capacitance. However, only 22% of the initial 
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capacitance can be retained for a commercial carbon, namely Maxsorb activated 
carbon.  
Recently, direct functionalization of CMK-5 mesoporous carbon was achieved by 
selecting nitrogen-containing quinoline as carbon precursor and SBA-15 as template 
(Kim et al., 2009). The carbon sample contained about 6 wt% nitrogen and was 
observed to not only increase the electrical conductivity, but also improve the 
wettability of the carbon surface by the electrolyte. Mesoporous carbons doped with 
0.2-0.6% boron (B) were prepared by co-impregnation and carbonization of sucrose 
and boric acid confined in the mesopores of SBA-15 template (Wang et al., 2008b). 
Experimental data revealed that low-level boron doping could catalyze the 
chemsorption of oxygen, leading to the concentration of oxygen-functional groups 
much higher than the boron-free counterpart. By comparing the interfacial capacitance 
of B-doped and B-free mesoporous carbons, it was found that the enhanced pseudo-
capacitance of the B-doped carbon mainly arose from the protonic exchange between 
quinine/hydroquinine complexes. On the other hand, the low-level doping of boron 
could also alter the electronic structure of the space charge layer of doped mesoporous 
carbon. This may be related to the three-valence electronic configuration of boron 
atom, which results in a hole in the graphene lattice upon replacing a carbon atom with 
four-valence electron. This substitution could increase the charge density and density 
of states at the Femi level, therefore increasing the double layer capacitance of the 
doped mesoporous carbon.  
The presence of mesopores of sizes in the range of 2-8 nm can accelerate the 
kinetics of ion diffusion in the electrode, thus improving the power performance at 
large current densities. On the other hand, micropores accessible to electrolyte ions are 
essential for large energy storage (Frackowiak, 2007; Wang et al., 2008a; Huang et al., 
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2008a). Wang and co-workers (2008a) described a 3D hierarchical porous graphitic 
carbon (HPGC) material with macroporous cores, mesoporous walls and micropores 
for high-rate supercapacitor applications. The hierarchical carbon structure as 
illustrated in Figure 2.8 contains macropores as ion-buffering reservoirs, mesopores 
with graphitic carbon walls providing excellent electrical conductivity capable of 
overcoming the primary kinetic limits of electrochemical process in porous electrodes. 
In addition, the presence of micropores can enhance charge storage. 
 
Figure 2.8 Schematic representation of the 3D hierarchical porous graphitic carbon 
material (Wang et al., 2008a). 
 
 
For organic electrolytes, carbon electrodes with large pore sizes are desirable. 3D 
ordered macroporous carbon sphere arrays consisting of mesopores were synthesized 
by a two-step templating route (Liu et al., 2009). As an electrode material for 
supercapacitors, this carbon displayed a rectangular shape CV curve with a capacitance 
of 14 µF cm-2 between 0 and 3 V over a wide range of scan rates, and exhibited a good 
cycling stability with capacitance retention of 93% over 5000 cycles. The good 
performance was mainly related to its large ordered pore size (10.4 nm) and the 
continuous connected windows between the spheres which are favorable for the 
penetration of electrolyte and ion diffusion at high scan rates. A similar 3D ordered 
macroporous carbon with mesoporous walls was prepared by heat treatment of 
colloidal crystal template consisting of polystyrene spheres and colloid silica spheres 
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with varying size (5-50 nm) (Woo et al., 2008). The fabricated bimodal pore carbon 
exhibited the capacitance up to 120 F g-1 in propylene carbonate solution containing 1 
mol L-1 (C2H5)4NBF4 and displayed excellent rate capacity (109 F g-1) at current 
density of 4 A g-1.  
Yamada and co-workers (2007) synthesized ordered porous carbons containing 
macro-/meso-/micro-pores with a large surface area from the colloidal-crystal 
templating approach. EDL capacitances ranging from 200 to 350 F g-1 were achieved 
in an acidic electrolyte solution. The observations on pore-dependant capacitance 
properties revealed that micropores adjacent to the opening mouths are effective in 
charge storage while interconnected larger pores (mesopores and macropores) are 
important for rapid electrolyte transportation. Hence, carbon materials having a well 
controlled hierarchical porous structure would be favorable in designing high-
performance EDLC electrodes.  
The template method has been shown to be one of the most suitable techniques to 
control the pore structure of porous materials, especially ordered porous solids (Zhao 
et al., 2006). By proper selection of template and carbon precursor together with 
controlling carbonization parameters, porous carbons with desirable physical and 
chemical properties can be obtained. In view of the relatively high cost of production, 
development of simple, cost-effective and environmental benign template routes is 
advantageous for practical applications. Despite the cost, templated carbons are good 
studying materials to provide valuable information about the effect of pore size, pore 
shape, channel structures and other parameters on the ion diffusion and charge storage 
in nano-confined system.   
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2.2.1.3 Carbon nanotubes 
The discovery of CNTs has significantly advanced the science and engineering of 
carbon materials. With unique physical properties, such as high electrical conductivity 
and good chemical and mechanical stability, CNTs including both single-walled 
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) have 
proven themselves promising electrodes in electrochemical energy conversions and 
storage (Baughman et al., 2002; Futaba et al., 2006; Chen et al., 2008; Obreja, 2008;  
Bordjiba and Mohamedi, 2008; Yan et al., 2008; Zhang et al., 2008; Pumera, 2009). 
SWCNTs consist of a single graphene sheet wrapped into cylindrical tube (Figure 2.9). 
MWCNTs compose of an array of such nanotubes that are concentrically nested. CNTs 
are usually regarded as the choice of a high-power electrode material because of their 
good electrical conductivity and readily accessed surface area.  
 
Figure 2.9 Schematic diagram showing how a graphene sheet is ‘rolled’ to form 
different atomic structures (a) armchair (b) zig-zag and (c) chiral carbon nanotube.  
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Niu et al. (1997) reported a MWCNT-based supercapacitor electrode with a high 
specific capacitance of 102 F g-1 and a power density of 8 kW kg-1 in an acidic 
electrolyte. According to An and co-workers (2001), a SWCNT-based supercapacitor 
electrode exhibited a maximum specific capacitance of 180 F g-1 and a measured 
power density of 20 kW kg-1 at an energy density of 7 W kg-1 in KOH electrolyte. A 
recent study (Zhang et al., 2008c) showed that the electrode fabricated with entangled 
CNTs was less efficient in facilitating ion transport than the electrode fabricated with 
aligned CNTs due to the irregular pore structure and high entanglement of the structure 
of the former. Hence, the use of aligned CNTs is advantageous in terms of high-power 
supercapacitors. Futaba and co-workers (2006) described a method to fabricate a 
densely packed aligned SWCNT electrode by utilizing the zipping effect of liquids, 
which allowed the bulk materials to retain their intrinsic properties. The energy density 
of the aligned SWCNT electrode was about 35 Wh kg-1 (normalized to a cell 
consisting of two identical electrodes) in an organic electrolyte. In addition, the rate 
capability was observed to be better than that of ACs.  
Improvement on the energy density of CNT electrodes by increasing the specific 
surface area via KOH activation was described (Pandolfo and Hollenkamp, 2006). The 
porosity and electrical conductivity must be properly balanced in order to achieve both 
high capacitance and good rate performance. An interesting CNT-aerogel composite 
material was synthesized by uniformly dispersing carbon aerogel throughout the CNT 
host matrix without destroying the integrity or reducing the aspect ratio of the CNT 
(Bordjiba andMohamedi, 2008). The important features of the nanocomposite include 
large surface area (1,059 m2 g-1), high mechanical resilience, lightweight matrix with 
pore spaces on micrometer scale, and binderless electrode. The specific capacitance 
was measured to be 524 F g-1.  
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In spite of the superior electrical properties, CNT-based supercapacitors do not meet 
the expected performance (An et al., 2001; Portet et al., 2006). One of the major issues 
is the high contact resistance between the electrode and the current collector, greatly 
limiting the power performance. Compared with binding electrode material to the 
current collectors indirectly, growing CNTs directly on to a conductive substrate is a 
promising approach to reducing the contact resistance. A template method for 
fabricating CNT/Au nanowire hybrid electrode was reported (Figure 2.10) (Shaijumon 
et al., 2008). Both the electrode (CNT) and current collector (Au nanowire) are 
integrated into a single nanostructure, thus leading to a largely improved 
electrochemical performance with a power density as high as 48 kW kg-1. 
 
Figure 2.10  A scheme showing a supercapacitor device with CNT/Au electrodes 
(Shaijumon et al., 2008). 
 
Another approach to enhancing the specific capacitance is to modify CNTs with 
active materials to realize pseudo-capacitance. A manganese oxide decorated carbon 
nanotube array (CNTA) composite possessed a moderate specific capacitance of about 
100 F g-1 at a current density of 77 A g-1 with good cycle ability (Zhang et al., 2008a). 
The observed electrochemical performances of the composite electrode materials were 
ascribed to the direct growth of CNTA on the current collector and the pseudo-
capacitive behavior of the active materials. In addition, the high density of the 
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manganese oxide/CNTA composite material led to a high volumetric capacitance, 
suitable for compact supercapacitor design.  
It is worthy to note that the pseudo-capacitance depends strongly on the surface 
utilization of the active material. Simon and Gogotsi (2008) suggested that one 
possible strategy to improve both energy and power densities for supercapacitors is to 
achieve a conformal deposit of pseudo-capacitive materials onto highly ordered, high-
surface-area CNT and AC electrodes.  
2.2.1.4 Graphene-based materials 
Graphene, a 2D flat monolayer of sp2 hybridized carbon bonded in a hexagonal 
lattice, is a rising star in the field of materials science and physics (Geim, 2009). While 
theoretical studies on graphene started many years ago (Wallace, 1947; McClure, 
1956), it is only when Geim and co-workers (Novoselov et al., 2004) experimentally 
demonstrated the preparation of a single layer of graphite with atomic thickness has it 
aroused worldwide resurgence. With unique properties, such as tunable band gap, 
extraordinary electronic transport properties, excellent thermal conductivity, great 
mechanical strength, and large surface area, graphene has been explored for 
applications ranging from electronic devices to electrode materials (Wang et al., 2008; 
Yumura et al., 2009).  
Over the past few years, many methods have been reported to synthesize graphene 
materials. These methods include mechanical cleavage of graphite (Novoselov et al., 
2004), unzipping carbon nanotubes (Kosynkin et al., 2009), chemical exfoliation of 
graphite (Tung et al., 2009), solvothermal synthesis (Choucair et al., 2009), epitaxial 
growth on SiC surface (Emtsev et al., 2009) and metal surface (Sutter et al., 2008), 
chemical vapor deposition (Kim et al., 2009), bottom-up organic synthesis (Yang et al., 
2008), etc. Among these preparation methods, mechanical exfoliation produces few 
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layer graphene of highest quality, while chemical method is demonstrated to give high 
throughput. As schematically illustrated in Figure 2.11, graphite is firstly oxidized to 
produce graphite oxide using either the Hummers method (Hummers and Offeman, 
1958) or the modified Hummers method (Kovtyukhova et al., 1999). Graphite oxide 
consists of a layered structure ‘graphene oxide (GO)’ sheets that are strongly 
hydrophilic such that intercalation of water molecules between the layers readily 
occurs (Buchsteiner et al., 2006; Park and Ruoff, 2009). Graphite oxide can be 
completed exfoliated to produce GO sheets by simple sonication (Park and Ruoff, 
2009). Chemically derived graphene is then obtained by reduction of GO with 
hydrazine solution or other reducing agent.  
 
Figure 2.11  Scheme of chemical route to the synthesis of chemically derived graphene 
(Tung et al., 2009). 
 
 
Stankovich and co-workers (2006) demonstrated a solution-based process for the 
production of chemically derived single-layer graphene with an excellent stability. A 
two-step method was recently reported for nearly complete reduction of surface 
functionalities of GO by deoxygenation with NaBH4 and dehydration with 
concentrated sulfuric acid (Gao et al., 2009). However, the harsh oxidation and 
reduction reactions may deteriorate graphene structure and decrease the performance 
of graphene-based devices. Ang et al. (2009) proposed a straightforward one-step 
intercalation and exfoliation method to produce large-sized, conductive graphene 
chemically 
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sheets without the use of surfactants. The method (Figure 2.12) is based on the rich 
intercalation chemistry of graphite oxide aggregates. The large-sized graphite oxide 
aggregates consist of multilayer graphene flakes, which are highly oxidized on the 
outer layer. The inner layer, on the other hand, consists of mildly oxidized graphene 
sheets. Intercalation of graphite oxide aggregates by tetrabutylammonium cations 
(TBA) via electrostatic attraction and cation-Pi interaction followed by exfoliation in 
DMF yields large-sized conductive graphene sheets with a high yield (> 90%). 
 
Figure 2.12 Schematic representation of intercalation of tetrabutylammonium ions in 
large graphite oxide sediments and unreacted graphite particles to obtain mildly 
oxidized graphene single sheets in DMF (Ang et al., 2009). 
 
 
Thin films are a useful morphology in many technological applications, particularly 
as electrodes in supercapacitors and batteries, fuel cells, and electronic devices. A 
flow-directed assembly method was recently described to produce paper-like GO 
materials (Dikin et al., 2007). The chemical functional groups on the surface of the GO 
provide opportunities for tailoring the physical and chemical properties of the material. 
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The preparation of macroscopic free-standing GO membranes with controlled 
thickness and area at a liquid/air interface was demonstrated (Chen et al., 2009). Very 
recently, Yang and co-workers (2008) reported a chemical growth method for the 
synthesis of 2D graphene nanoribbons with lengths of up to 12 nm and the synthesis 
scheme is shown in Figure 2.13.  
 
Figure 2.13 Synthesis of linear two-dimensional graphene nanoribbons (Yang et al., 
2008). 
 
Graphene films have been used as stretchable electrodes (Kim et al., 2009). 
Chemically modified graphene (CMG) sheets can physically adjust themselves to be 
accessible to different types of electrolyte ions, free from the use of conductive fillers 
and binders. Besides, its flexibility facilitates an easy fabrication of supercapacitor 
devices. Research on the fundamental chemistry of CMG materials has been carried 
out by research groups of Ruoff from UT-Austin, Kaner from UCLA, and Kern from 
the Max Planck Institute (Ruoff, 2008). 
Studies (Stoller et al., 2008; Vivekchand et al., 2008) have shown that the specific 
capacitances of graphene can reach 135 F g-1, 99 F g-1 and 75 F g-1 in aqueous, organic, 
and ionic liquid electrolytes, respectively. Despite the intense interests and 
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continuously growing number of publications, practical applications of graphene have 
yet been realized. This is mainly due to the difficulty in reliably production of high-
quality graphene from a scalable approach (Allen et al., 2009; Rao et al., 2009). While 
mechanical exfoliation produces graphene with the highest quality, the method is 
neither high throughput nor high yield. Zhao at al. (2009) employed the chemical 
vapor deposition method to synthesize carbon nanosheets composed of graphene layers 
on conventional carbon fibers and carbon papers. It was found that such carbon 
nanosheets possess a capacitance value of 0.076 F cm-2 based on the geometric testing 
area in a H2SO4 solution. Hence, a total capacitance was estimated to be 1.49 × 104 F 
based on a virtual supercapacitor device rolled in a sandwich pad with a given 
dimension.  
The experimentally observed capacitances are mainly limited by the agglomeration 
of graphene sheets and do not reflect the intrinsic capacitance of an individual 
graphene sheet. Very recently, an experimental determination of EDL capacitance (~ 
21 μF cm-2) and quantum capacitance of single layer and double-layer graphene were 
reported (Xia et al., 2009). In order to harness the unique properties of graphene, 
graphene- and GO-based composite materials have been explored (Stankovich et al., 
2006; Cote et al., 2009). Stankovich et al. (2006) reported a general approach to 
preparing graphene-polymer composites via exfoliation of graphite and molecular-
level dispersion of CMG sheets within polymers. A polystyrene-graphene composite 
was prepared and it was found that at only 1 vol. %, the composite displayed a 
conductivity of 0.1 S m-1, which is sufficient for many applications.   
Graphene-conducting-polymer composites have received the greatest interest 
(Murugan et al., 2009; Wang et al., 2009; Zhang et al., 2009; Yan et al., 2010). Wang 
and co-workers (2009) prepared a graphene/PANi composite paper (GPCP) by in-situ 
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anodic electropolymerization of aniline monomer as a PANi film on graphene paper. 
The obtained composite paper combines flexibility, conductivity and electrochemical 
activity and exhibited a gravimetric capacitance of 233 F g-1 and a volumetric 
capacitance of 135 F cm-3. Graphene nanosheet/polyaniline (GNS/PANi) composite 
was also synthesized using the polymerization method (Figure 2.14) (Yan et al., 2010). 
Graphene (about 15 wt%) was homogeneously coated on the surface of PANi 
nanoparticles. A specific capacitance of 1,046 F g-1 was observed at a low scan rate. 
The energy density of the composite could reach 39 Wh kg-1 at a power density of 70 
kW kg-1. 
 
Figure 2.14 A scheme illustrating the synthesis of GNS/PANi composite (Yan et al., 
2010).        
 
 
Although graphene nanosheets are excellent electrode materials, the use of highly 
toxic reducing agent such as hydrazine and dimethylhydrazine remains a serious issue 
for large-scale production. Murugan et al. (2009) demonstrated a microwave-assisted 
solvothermal process to produce graphene nanosheets without the need for highly toxic 
chemicals. The authors investigated the energy storage properties of thus-prepared 
graphene nanosheets and associated PANi composites. The graphene/PANi composite 
with 50 wt% graphene displayed both EDL capacitance and pseudo-capacitance with 
an overall specific capacitance of 408 F g-1.  
Very recently, we prepared a series of CMG and PANi nanofiber composites using 
the in-situ polymerization method (Zhang et al., 2010). PANi fibers were observed to 
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adsorb on the graphene surface and/or filled between the graphene sheets. The 
composite displayed a specific capacitance of as high as 480 F g-1 at a current density 
of 0.1 A g-1. The results showed that good capacitive performance can be obtained by 
doping either graphene with a small amount of PANi or bulky PANi with a small 
amount of graphene.  
 
2.2.1.5 Other carbon structures 
Other carbon structures such as activated carbon fibers (ACFs), carbon aerogels 
(CAGs), carbon onions and fullerenes have also been studied for supercapacitor 
applications. ACFs that are usually produced from the carbonization of pre-formed 
fibrous carbon precursors followed by activation possess a high specific surface area 
(can be as high as 3000 m2 g-1) but with a poor control over the pore size (Xu et al., 
2008). In addition, ACFs are mechanically unstable and the manufacture cost is 
relatively high (Simon and Gogotsi, 2008). Therefore, ACFs are not a good candidate 
for supercapacitor electrodes.  
CAGs are another interesting carbon material suitable for supercapacitors. They are 
ultra light, highly porous, and possible for binder-free usage. CAGs are typically 
prepared using the sol-gel method with a subsequent pyrolysis process. The pores of 
CAG are formed due to the interconnection of colloidal like carbon nanoparticles. 
Because of the dominance of mesopores, the EDL capacitance is not so effective in 
CAG-based electrode materials. Hence, additional activation process was employed to 
further increase the specific surface area by introducing micropores. Despite a large 
increase in the total surface area (from 592 to 2371 m2 g-1), the improvement on the 
charge storage capacity was relatively small, especially at a high discharge rate (Fang 
and Binder, 2006), which is primarily due to the inaccessibility of the micropores 
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produced during the post activation and the relatively high internal resistance of the 
CAG matrix.  
Carbon onions consisting of concentric graphene spherical shells are high-surface-
area (from 350 to 520 m2 g-1) graphitic carbon materials with little sub-nanometer 
pores. The completely accessible surface of carbon onions to electrolyte ions manifests 
themselves a good candidate for high-power supercapacitor applications. A study 
(Portet et al., 2008b) on high current charge-discharge performance revealed a 
decrease of specific capacitance due to diamond particle graphitization and defect 
formation on particle surfaces. The carbon onion could deliver the stored energy under 
a high current density since its capacitance is less dependent on current density. 
Capacitances of onion-like carbon materials ranging within 20-40 F g-1 in an acid 
electrolytic solution (1 M H2SO4) and 70 - 100 F g-1 in an alkaline electrolytic solution 
(6 M KOH) have been reported (Portet et al., 2007; Bushueva et al., 2008).   
Fullerenes and their derivatives are another family of carbon materials that have 
been exploited for supercapacitor applications (Zhou et al., 2002; Tran et al., 2009). 
The discovery of C60 in 1985 (Kroto et al., 1985) led to the 1996 Novel prize award in 
Chemistry to Smalley, Curl and Kroto (Echegoyen and Echegoyen, 1998). Theoretical 
predictions indicated that the lowest unoccupied molecular orbital (LUMO) of C60 is 
capable of accepting at least six electrons upon reduction. In addition to having high 
reversible redox charge capability, being chemically stable, uniformity in size and 
shapes, fullerenes and their derivatives have a large specific surface area (Table 1) 
(Tran et al., 2009). The electrochemical properties of pure fullerenes and endohedral 
metallofullerenes are strongly dependent upon solute-solvent interactions (Echegoyen 
and Echegoyen, 1998; Zhou et al., 2002).  
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Tran and co-workers (2009) examined the dependence of size, shape and metal 
species (La) on the redox properties of C60, C70, and La@C82 in an ammonia solution 
containing 0.1 M potassium triflate (KCF3SO3). The relative magnitude of transfer 
coefficients that represent a measure of the symmetry of the energy barrier for the 
oxidation and reduction of the monoanionic species of the fullerenes suggested that the 
availability of the surface area permitting delocalization of π electrons is a determining 
factor of their reduction potentials. The lower reduction potential of La@C82 (about – 
0.72 V) than pure fullerenes C60 and C70 (about – 0.96 V and – 0.94 V, respectively) 
indicated that the former is a stronger electron acceptor. The rehybridization of C82 by 
the three electrons donated from La atom makes it easier for La@C82 to accept an 
electron than other fullerenes. 
 
2.2.2 Conducting polymers 
In general, the energy density of redox capacitors consisting of conducting polymers 
is higher than that of EDL capacitors composed of carbon materials because 
conducting polymers can store charge not just in the electrical double layer but also 
through the rapid faradic charge transfer called pseudocapacitance. It is therefore not 
unexpected that a large number of recent publications reported on the synthesis and 
electrochemical properties of electrically conducting polymer and their derivatives (Mi 
et al., 2008). 
PANi nanofibers synthesized in the present of a cationic surfactant exhibited a 
specific capacitance of 298 F g-1 (Subramania and Devi, 2008). Xu and co-workers 
(2009) fabricated PANi thin films on a stainless steel substrate and evaluated the film 
as supercapacitor electrode. A relatively high specific capacitance (431 Fg-1) and good 
charge-discharge behaviors were observed. In-situ polymerization of aniline was 
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conducted to coat PANi on the surface of polypyrrole (PPy) nanotubes. The specific 
capacitances of the PPy/PANi composite were measured to be 416 F g-1 in 1 M H2SO4 
electrolyte and 291 F g-1 in 1 M KCl electrolyte, respectively (Mi et al., 2008). 
Polythiophene and polyparafluorophenylthiophene were also tested as supercapcitor 
electrodes with energy storage capacities of 260 F g-1 for polythiophene and 110 F g-1 
for polyparafluorophenylthiophene, respectively (Laforgue et al., 1999). 
Conducting polymers present a significant disadvantage of lower cycle life than 
carbon electrodes because the redox sites in the polymer backbone are not sufficiently 
stable for many repeated redox process. Variation of the polymer structure can affect 
the penetration of electrolyte into pores, as well as the ion mobility within the 
conducting polymer. Design of the electrode structure is the key to obtain a stable 
conducting polymer electrode. Therefore, making composite structures with 
conducting polymers supported on porous rigid materials (e.g., carbon monoliths, 
porous carbon, CNTs, and porous silica) has been explored.  
Hierarchically porous carbon monoliths were used as support to prepare 
carbon/PANi composite electrodes using the electrodeposition method (Fan et al., 
2007). A capacitance of about 300 F g-1 for the composite and a very high capacitance 
(>1,000 F g-1) for pure PANI were realized. The porous carbon monolith served as an 
effective support for electrodeposition of pseudo-active materials, leading to not only 
enhanced capacitance with high rate capability but also good cycle ability. Fan and 
Maier (2006) reported a highly active PPy electrode for redox supercapacitors prepared 
by using electrodeposition of pyrrole on Ti foil via cyclic voltammetry at a scan rate of 
200 mV/s in oxalic acid. PPy/SWCNT composites prepared by in-situ polymerization 
of pyrrole showed a higher specific capacitance than pure PPy and SWCNT electrodes 
(An et al., 2002). PANi (Zhang et al., 2008b; Meng et al., 2009) and PPy (M. Hughes, 
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2002) were employed as the pseudo-active materials to prepare PANi/CNTA and 
PPy/MWCNT composites, respectively. The electrochemical results showed a very 
high specific capacitance of about 1000 F g-1 for the PANi/CNTA composite with an 
excellent rate capability (95% capacity retention at 118 A g-1) and a good stability (up 
to 5000 cycles test).  
PANi–silica composites synthesized by electrochemical reactive insertion using the 
potentiodynamic and potentiostatic methods displayed a capacitance of 606 F g-1 
(Montilla et al., 2009). To further increase the electrochemical performance of PANi, 
Wang and co-workers (2006) prepared ordered whisker-like polyaniline on the surface 
of mesoporous carbon by a novel synthesis process as schematically illustrated in 
Figure 2.15. The nanosized PANi thorns and thus formed V-shape nanopores resulted 
in a capacitance of 900 F g-1 at a current density of 0.5A g-1.    
 
Figure 2.15 Scheme showing the preparation of whiskerlike PANI on the surface of 
mesoporous carbon (Wang et al., 2006). 
 
PPy/phosphomolybdate composite films were synthesized in tetrahydrofuran in the 
presence of sodium sulfate, which acted as a porogen (Suppes et al., 2008). The hybrid 
material displayed a peak specific capacitance of around 700 F g-1 and an excellent 
reversibility and cyclibility. The retained phosphomolybdate provides fast and 
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reversible redox behaviors, adding to a significant amount of extra pseudocapacitance 
to the polymer electrode. Increasing the porosity increases the rate at which the hybrid 
material can be charged and discharged by increasing the ionic conductivity and in turn 
lowering the resistor-capacitor time constant of the electrode. The ionic conductivity of 
the resultant porous structure can be increased more than an order of magnitude over 
that observed for standard conducting polymer films.  
While the mass specific capacitance of poly (3,4-ethylene-dioxythiophene) (PEDOT) 
is typically lower than those of other conjugated polymers, such as PANi and PPy, its 
high stability with respect to repeated cycling makes it a very suitable supercapacitor 
electrode. Since the charging and discharging of PEDOT involves the mass transport 
of counterions into and out of the polymer, the rate of ion diffusion is one of the 
limiting factors in the efficiency of PEDOT-based supercapacitors (Figure 2.16) (Kelly 
et al., 2009). Therefore, preparing structured electrodes and limiting the distance of ion 
diffusion should improve the overall performance. 
 
Figure 2.16 Charging (Oxidation) and Discharging (Reduction) of PEDOT 
(Counterions (anions) are denoted as A-) (Kelly et al., 2009). 
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Porous PEDOT electrode was prepared by using mesoporous silica spheres as 
template (Kelly et al., 2008). The porous PEDOT showed a specific capacitance of 115 
F g-1, which is higher than that of non-porous counterpart. A PEDOT-carbon structure 
was prepared using microporous carbon as template and was observed to exhibit a 
similar specific capacitance to that of porous PEDOT (Figure 2.17). The incorporation 
of PEDOT into the pores of the carbon template did not significantly change the 
capacitance because the additional charge-storage capacity provided by the polymer 
was offset by the elimination of the microporosity of the composite. A new class of 
dendritic conducting polymers poly(tri(4-(thiophen-2-yl)phenyl)amine) (pTTPA) was 
electrochemically deposited on highly porous films and templated nanotubular 
structures  (Roberts et al., 2009). A remarkably high peak capacitance of 950 F g-1 was 
obtained in organic electrolytes. 
 
Figure 2.17 Synthesis of the PEDOT-Carbon Composite by infiltration of the 
monomer (EDOT) and subsequent oxidative polymerization (Kelly et al., 2009). 
 
 
 Chapter 3. Experiment Section 




3.1 Reagents and apparatus 
The chemicals and reagents used in this thesis work together with the purity and 
source are listed in Table 3.1.  
 
Table 3.1 Reagents used for synthesis of carbon-based materials. 
 
Chemicals Grade Supplier 
Sucrose 98% Merck 
Decyl alcohol(1-Decanol) 99% Aldrich 
Dodecyltrimethylammonium 
bromide (DTAB) 99% Aldrich 
Cetyltrimethyl ammonium 
bromide (CTAB) 99% Aldrich 
Nitric acid 65-70% Merck 
Ammonium persulfate (APS) 98% Sigma Aldrich 
Pyrrole 98% Aldrich 
FeCl3 99% Aldrich 
Formaldehyde solution 38 wt% Fisher 
Potassium permanganate 99.9% Normapur 
Hydrogen peroxide 35% Scharlau 
Sodium borohydride 98.5% Sigma Alrich 
Sodium dodecylsurfate (SDS) 99% Merck 
Triblock copolymer P123 Mw ~ 5800 Aldrich 
Nickel nitrate hexahydrate 99% Alfa Aesar 
Acetonitrile 99.9% Tedia 
HY zeolite  Zeolyst international 
Benzene 99% Sigma Alrich 
Aniline 99.5% Sigma Alrich 
Hydrofluoric acid 48-51% Tyco 
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The general equipment for materials preparation and electrochemical 
measurement is given in Table 3.2.  
 
Table 3.2    Apparatus. 
 
Apparatus Model or Specification Manufacturer 
Hot Plate & 
Magnetic stirrer KMC-130SH 
Vision 
Scientific 
Hot Plate & 
Magnetic stirrer MR 3002 Heidolph 
Autoclave Stainless steel lined with Teflon Self-made 
Oven Binder FD240 Fisher Scientific 
pH meter Ioncheck 10 Radiometer Analytical 
Balance AND GF-2000(0.5-2100 g) Goldbell Weigh-System 




Furnace CWF1100 Carbolite 
Ultrosonicator Transsonic 460/H ACHEMA 
Electrochemical 
station PGSTAT302N Eco Chemie 
   
 
 
3.2 Preparation of graphene-based materials  
3.2.1 Preparation of graphene oxide (GO)  
The GO dispersion was prepared by sonication of graphite oxide, which was 
obtained from natural graphite using a modified Hummers method. 5 g of graphite and 
2.5 g of NaNO3 were mixed with 120 mL of H2SO4 (95%) in a 500 mL flask. The 
mixture was stirred for 30 min in an ice bath. While maintaining vigorous stirring, 15 g 
of potassium permanganate was added. The rate of addition was carefully controlled to 
keep the reaction temperature below 20 oC. The ice bath was then removed and the 
mixture was stirred at room temperature overnight. As the reaction progressed, the 
 Chapter 3. Experiment Section 
   45 
mixture gradually became pasty, and the color turned into light brownish. At the end, 
150 mL of H2O was slowly added to the mixture under vigorous agitation. The 
reaction temperature was rapidly increased to 98 oC with effervescence, and the color 
changed to yellow. The diluted suspension was stirred for one day. Then, 50 mL of 
30% H2O2 was added to the mixture. For purification, the mixture was washed by 
rinsing and centrifugation with 5% HCl and then deionized (DI) water for several 
times to obtain the graphite oxide sample. The final GO dispersion was prepared by 
sonication of graphite oxide.  
3.2.2 Preparation of reduced graphene oxide (RGO)  
Reduction of GO was conducted by using the sodium borohydride reduction method. 
0.3g of GO was dispersed into 100 ml of DI water. The GO solution was sonicated 
until no visible particulate matter. 0.4g of sodium borohydride was then added and the 
mixture was heated in an oil bath at 100 oC. The reaction was kept at 100 oC for 24 h. 
The final RGO sample was obtained after repeated washing with DI water by 
centrifugation.    
3.2.3 Preparation of graphene oxide-polypyrrole composites  
Two GO-conducting polymer composite samples respectively with fibrous and 
spherical morphologies of the conducting polymer were prepared. For the preparation 
of conducting-polymer-fiber-pillared GO sheets (this sample is denoted as GOPPy-F), 
3.6 g of cetyltrimethyl-ammonium bromide (CTAB, 99% Aldrich) dissolved in 40 mL 
of 1 M HNO3 solution was added to 0.05 g of GO dispersion (10 mg mL-1) under 
stirring. Then, 0.4 g of pyrrole (98%, Aldrich) was added to the system at 10 oC. After 
stirring for 60 min, 20 mL of ammonium persulfate (APS, molar ratio of APS to 
pyrrole was 1:1) was added to initiate the polymerization. After 180 min, the solid 
product was collected by filtration, washed with DI water and finally with ethanol, 
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followed by vacuum drying at 60 oC for 1 day. For the preparation of conducting-
polymer-sphere-pillared GO sheets (this sample is denoted as GOPPy-S), 1 g of decyl 
alcohol (99%, Aldrich) was mixed with 30 mL of DI water under stirring. After 10 min, 
the mixture was added to 0.1 g of GO dispersion (10 mg mL-1). Then, 1.5 g of 
dodecyltrimethylammonium bromide (DTAB, 99%, Aldrich) was added and the 
temperature was maintained at 1 oC. After stirring for 20 min, the mixture was 
transferred to an ultrasonicator (Elma Transsonic T460/H of capacity 2.5 liter and 
frequency of 35 kHz). Subsequently, 0.8 g of pyrrol was added dropwise. 
Polymerization was initiated by adding 2 g of FeCl3 (99%, Aldrich). After 
ultrasonication for 60 min, the solid product was collected by filtration, washed with 
DI water and finally ethanol, followed by vacuum drying at 60 oC for 1 day. 
3.2.4 Preparation of CNTs-pillared graphene and graphene oxide  
A series of CNTs-pillared graphene oxide (GOCNT) and graphene (RGOCNT) 
composites were synthesized with controlled CNT amount and the length of the CNT 
chain. In a typical preparation procedure, 2 g of sodium dodecyl sulfate (Merck) was 
dissolved in 40 ml of DI water. 0.1 g of GO dispersion (5 mg ml-1, 20 ml) was added 
into the above solution and the mixture was sonicated for about 20 min. Then 1.74 g of 
nickel nitrate hexahydrate (Ni(NO3)2·6H2O, Alfa Aesar) dissolved in 20 ml DI water 
was added dropwide under vigorous stirring. The resulting mixture was diluted with DI 
water to reach a total volume of 120 ml. The final mixture was further stirred at 90 oC 
for 16 h. To change the loading of Ni catalyst on the surface of GO, the Ni/C ratio, 
namely the mass ratio of Ni(NO3)2·6H2O over GO was varied to be 4, 9 and 17. The 
amount of SDS was adjusted according to the amount of Ni(NO3)2 added. Upon 
completion of the reaction, the mixture was evaporated and dried in air with a Petri 
dish at 60 oC for 24 h to obtain Ni-loaded GO platelets. 
 Chapter 3. Experiment Section 
   47 
The Ni-loaded GO platelets was placed in a crucible and loaded in a horizontal 
quartz tube equipped with a furnace. The temperature was first heated to 200 oC with a 
heating rate of 10 oC min-1 in a highly pure N2 flow and maintained at 200 oC for 2 h. 
Subsequently, the temperature was heated to 850 oC with a heating of 5 oC min-1. Once 
the desirable temperature was reached, another N2 flow containing saturated 
acetonitrile vapor from a liquid bubbler was passed through the quartz tube to allow 
carbon deposition. The deposition time was varied to be 15 min and 30 min to control 
the length of CNT. The final product was collected after CVD reaction and is denoted 
as GOCNT-S (or L)y, Here, S and L stands for CVD times of 15 and 30 min, 
respectively, and y indicates the Ni catalyst loading expressed using Ni/C ratio. For 
example, sample GOCNT-S17 is the sample synthesized using the Ni/C ratio of 17 and 
CVD time of 15 min and GOCNT-L17 is obtained from Ni/C ratio of 17 and CVD 
time of 30 min. 
The procedure for the preparation of RGOCNT nanocomposites was very similar to 
that of GOCNT, but with the addition of RGO dispersion rather than GO dispersion. 
The Ni/C ratio (mass ratio between Ni(NO3)2·6H2O and RGO) was varied to be 0.6, 2 
and 4. The growth of CNTs on the Ni-loaded RGO platelets followed exactly the same 
procedure as that described for GOCNT. The final product collected after the CVD 
reaction is denoted as RGOCNT-S (or L)y. For example, sample RGOCNT-S2 is the 
sample synthesized using the Ni/C ratio of 2 and CVD time of 15 min and RGOCNT-
L2 is obtained from Ni/C ratio of 2 and CVD time of 30 min.             
3.2.5 Preparation of nitrogen-doped microporous carbon materials 
0.5g of HY zeolite was placed in horizontal tubular furnace and was heated to 900 
oC under pure nitrogen. Then, a carbon precursor (acetonitrile or benzene vapor) was 
carried to the furnace by pure nitrogen (30 cm3 min-1) for 3 h. After carbon deposition, 
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the composite was dissolved in a 46% HF solution to remove the zeolite template. 
With subsequent washing and drying, a porous carbon was obtained. CN900 and 
CB900 are used to designate the carbon samples prepared with acetonitrile and 
benzene as carbon precursors, respectively.   
3.2.6 Preparation of manganese oxide- mesoporous carbon materials 
The synthesis of OGMC was carried out using the chemical vapor deposition 
method in a horizontal furnace with large-pore SBA-15 pure silica as template and 
benzene as a carbon precursor (Su et al., 2005a). Prior to the self-controlled redox 
deposition of manganese oxide, the OGMC was vacuum-dried at 373 K for 6 h. 
Manganese oxide-carbon composites (MnCs) were prepared as follows. 0.1 g of 
OGMC solid was added to 60 ml of 0.01M KMnO4 solution under stirring at room 
temperature with and without sonication. For the samples prepared without sonication, 
different reaction times (10 and 60 mins) were used to control the mass loading of 
manganese oxide. After the reactions, the samples were washed repeatedly with 
deionized water, filtered and dried in air at 333 K for 24 hours. The samples thus 
prepared are denoted MnC-10min and MnC-60min, respectively. For the sample 
prepared with sonication, the solid-liquid mixture was subject to ultrasound (Elma 
Transsonic T460/H of capacity of 2.75 liters and frequency of 35 kHz) at room 
temperature for 60 min. Upon washing, filtration and drying, this sample is designed as 
MnC-S-60min. The as prepared sample MnC-60min was further calcined under N2 
atmosphere at 723 K for 2 h to obtain sample MnC-60min-h. For comparison, a 
commercial carbon black, Vulcan XC-72 with a specific surface area of 220 m2 g-1 was 
also used as a support. The preparation conditions were the same as that of the 
preparation of sample MnC-60min. This sample is designed as XC72-Mn.  
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3.2.7 Preparation of three-dimensionally ordered macroporous carbon materials 
Colloidal SiO2 spheres with an average diameter of 550 nm synthesized using the 
Stöber method (Stöber et al., 1968) were assembled to form a colloidal crystal with the 
gravitational sedimentation. The colloidal crystal was soaked in a glucose solution (30 
wt% concentration) for 20 min. The glucose-filled colloidal crystal template was dried 
at 80 oC for 4 h, followed at 150 oC for 6 h. The above infiltration steps were repeated 
and then the sample was carbonized in a tube furnace under N2 flowing at 850 oC for 6 
h. The silica spheres were removed using a HF solution (48 wt%) to leave behind a 
surface-templated 3DOM carbon sample after washing and drying in air at 60 oC. 
3.2.8 Preparation of 3DOMC-polyaniline composite materials 
A PANI-3DOM composite sample was prepared by electrochemical polymerization 
of aniline on the surface of 3DOM carbon using the potentialdynamic method in a one-
compartment cell connected to an Autolab PGSTAT302N station. A 3DOM carbon 
sample was fixed on a Pt mesh with the remaining part covered by Telfon tape to use 
as the working electrode. The cell was equipped with a Pt sheet and a saturated 
Ag/AgCl electrode as the counter and the reference electrodes, respectively. The 
electrolyte solution consisting of 1 M H2SO4 and 0.05 M aniline was used for 
electrochemical deposition of PANi of the surface of the 3DOM carbon. The working 
electrode was immersed into the electrolyte for 0.5 h to facilitate the diffusion of 
aniline monomers into the 3DOM carbon. The deposition of PANi was controlled by 
using the potentialdynamic method in the potential range from -0.2 to 0.8 V at various 
scan rates (2 mV s-1, 5 mV s-1 and 50 mV s-1), but to maintain the same deposition time 
(8000 s). The samples were then subjected to repeated washing with deionized water 
and dried in air at 60 oC for 2 h. The amount of electrodeposited PANi was estimated 
by the mass difference of the 3DOM carbon before and after the deposition (Fan et al., 
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2007). The obtained composites were denoted as 3DOMC-PANI-x, where x represents 
the scan rate (e.g. 3DOMC-PANI-2 is for the sample obtained at 2mV s-1 for 8 cycles). 
To investigate the morphology change of PANi, double of the deposition time was 
used by potentialdynamic cycling at 2 mV s-1 for 16 cycles. Upon subsequent washing 
and drying, the composite was named as 3DOMC-PANI2-16.      
  
3.3 Characterization 
3.3.1 Elemental analysis (CHNS-O) 
Elemental analysis is a process where a sample of some material is analyzed for its 
elemental and sometimes isotopic composition. Elemental analysis can be qualitative 
(determining what elements are present), and it can be quantitative (determining how 
much of each are present). For organic chemists, elemental analysis almost always 
refers to CHNX analysis — the determination of the percentage weights of carbon, 
hydrogen, nitrogen, and heteroatoms (X) (halogens, sulfur) of a sample. This 
information is important to help determine the structure of an unknown compound, as 
well as to help ascertain the structure and purity of a synthesized compound. The 
elemental analysis data were collected on a CHNS-O Analyzer (FLASH EA 1112 
series, Thermo electron corporation). 
3.3.2 Fourier transform infrared spectrometer (FT-IR) 
A FT-IR spectrometer records the interaction of infrared radiation with sample 
measuring the frequencies at which the sample absorbs the radiation and the intensities 
of the absorptions. Chemical functional groups are known to absorb light at specific 
frequencies. Thus the chemical structure can be determined from the frequencies 
recorded. In this thesis work, FTIR spectra were collected on a Bio-Rad Fts 135 with a 
resolution of 4 cm-1 in the wavelength range of 400-4000cm-1. A powder sample was 
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mixed with potassium bromide, KBr (Merk) in a weight ratio of 1:99, then pelleted 
using a Pike Graseby Specac. 
3.3.3 Thermogravimetric analysis  
Thermogravimetric analysis (TGA) is a technique to determine the change in weight  
as a function of temperature. Such analysis relies on a high degree of precision in three 
measurements: weight, temperature, and temperature change. TGA is commonly 
employed in research and testing to determine characteristics of materials such as 
polymers in terms of  the degradation temperatures, moisture content  in a sample, the 
contents of inorganic and organic components in a sample , the decomposition point of 
explosives, and solvent residues. It is also often used to estimate the corrosion kinetics 
in high-temperature oxidation. In this thesis work, TGA was conducted on a 
thermogravimetric analyzer TGA 2050 (Thermal Analysis Instrument, USA). 
3.3.4 Scanning electron microscopy (SEM) 
SEM uses a condensed, accelerated electron beam to focus on a specimen. The 
electron beam hits the specimen and produces secondary and backscattered electrons. 
Secondary electrons are emitted from the sample and collected to create an area map of 
the secondary emissions. Since the intensity of secondary emission is very dependent 
on local morphology, the area map is a magnified image of the sample. In this thesis 
work, SEM images were measured on a JEOL-6700F scanning electron microscope, 
which was operated at an acceleration voltage of 10kV and filament current of 60 mA. 
Before measurement, the samples were stuck onto a double-face conducted tape 
mounted on a metal stud and coated with platinum with a sputter coater (JEOL JFC-
1300 Auto fine coater). 
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3.3.5 UV-Vis spectrophotometer (UV-Vis) 
Ultraviolet-visible spectrophotometer (UV-Vis) involves the spectroscopy of 
photons in the UV-visible region. This means it uses light in the visible and adjacent 
(near ultraviolet (UV) and near infrared (NIR)) ranges. The absorption in the visible 
ranges directly affects the color of the chemicals involved. In this region of the 
electromagnetic spectrum, molecules undergo electronic transitions. This technique is 
complementary to fluorescence spectroscopy, in that fluorescence deals with 
transitions from the excited state to the ground state, while absorption measures 
transitions from the ground state to the excited state. The UV-Vis reflectance spectra 
were taken on a Shimadzu UV-1601PC UV-Visible- Spectrophotometer. The 
collection was made over the wavelength range 400-200 nm.  
3.3.6 Physical adsorption of N2  
In N2 adsorption analysis, a sample is exposed to N2 gas of different pressures at a 
given temperature (usually at -196 oC, the liquid-nitrogen temperature). Increment of 
pressure results in increased amount of N2 molecules adsorbed on the surface of the 
sample. The pressure at which adsorption equilibrium is established is measured and 
the universal gas law is applied to determine the quantity of N2 gas adsorbed. Thus, an 
adsorption isotherm is obtained. If the pressure is systematically decreased to induce 
desorption of the adsorbed N2 molecules, a desorption isotherm is obtained. Analysis 
of the adsorption and desorption isotherms in combination with some physical models 
yields information about the pore structure of the sample such as surface area, pore 
volume, pore size and surface nature. The N2 sorption/desorption was carried out at 77 
K on a NOVA 1200 analyzer. The sample was degassed at 120 ºC for 5 h before the 
measurement. Specific surface area was calculated by using the multiple-point 
Brunauer-Emmett-Teller (BET) model. The pore size distributions were obtained from 
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the analysis of the adsorption branch of the isotherm by the Barrett-Joyner-Halenda 
(BJH) method. The total pore volume was obtained from the volume of nitrogen 
adsorbed at a relative pressure of 0.95. 
3.3.7 X-ray absorption near-edge structure (XANES) analysis 
X-ray absorption near-edge structure (XANES) analysis at the Mn K-edge was 
performed at room temperature using a XDD X-ray diffraction, absorption and 
fluorescence spectroscopy beamline available at the Singapore Synchrotron Light 
Source (SSLS), where a pair of channel-cut Si (111) crystals was used in the 
monochromator (Moser et al., 2005). The spectra were measured from 6520 to 6600 
eV with an energy step of 3 eV in the pre- and post-edge regions and 0.4 eV at the 
edge regime. Linear fits to the pre- and post-edge regimes were performed for 
background removal and normalization. 
3.3.8 X-ray diffraction (XRD)  
   X-ray diffraction (XRD) takes advantages of the coherent scattering of x-rays by 
polycrystalline materials to obtain a wide range of structural information. The x-rays 
are scattered by each set of lattice planes at a characteristic angle, and the scattered 
intensity is a function of the atoms, which occupy those planes. The scattering from all 
the different sets of planes results in a pattern, which is unique to a given compound. 
In addition, distortions in the lattice planes due to stress, solid solution, or other effects 
can be measured. Resultant samples in the thesis were also identified by using X-ray 
diffraction (XRD) on a Shimadzu XRD-6000 diffractometer (Cu Kα radiation, 
λ=0.15418nm) operated at 40 kV and 30 mA with a scanning speed of 2.00 (deg/min).  
3.3.9 X-ray photoelectron spectroscopy (XPS)  
When a primary X-ray beam of precisely known energy impinges on sample atoms, 
inner shell electrons are ejected and the energy of the ejected electrons is measured. 
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The difference in the energy of the impinging X-ray and the ejected electron gives the 
binding energy (Eb) of the electron to the atom. Since this binding energy of the 
emitted electron depends on the energy of the electronic orbit and the element, it can 
be used to identify the element involved. Further, the chemical form or environment of 
the atom affects the binding energy, which can also be used to identify the valence of 
the atom and its exact chemical form. In this thesis work, the XPS spectra were 
obtained using AXIS HIS (Kratos Analytical Ltd., U.K.) with an Al Kα X-ray source 
(1486.71 eV protons), operated at 15 kV and 10 mA. The pressure in the analysis 
chamber was maintained below 10-8 torr during each measurement. All spectra were 
fitted by a software package XPSpeak 4.1 with the subtraction of Shirley (for transition 
metals) or linear background (for other elements) and a ratio of 0% Lorentzian-
Gaussian. The calibration of binding energy (BE) of the spectra was referenced to the 
C 1s electron bond energy corresponding to graphitic carbon at 284.6 eV. 
3.3.10 Transmission electron microscopy (TEM) 
Before measurement, the sample was dispersed in ethanol and then dripped and 
dried on a copper grid. In the operation of TEM, an electron beam is focused on a 
specimen and part of the electron beam is transmitted. This transmitted portion is 
focused by objective lens into an image and the image is passed down through enlarge 
lenses and a projector lens, being enlarged all the way. In the experiment, the TEM 
was used to characterize the internal structure of particles and the TEM images were 
obtained on a JEOL 2010 and JEM 2010F transmission electron microscope operated 
at an acceleration voltage of 200 kV. 
3.3.11 Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique used to study vibrational, 
rotational, and other low-frequency modes in a system. It relies on inelastic scattering, 
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or Raman scattering, of monochromatic light, usually from a laser in the visible, near 
infrared, or near ultraviolet range. The laser light interacts with phonons or other 
excitations in the system, resulting in the energy of the laser photons being shifted up 
or down. The shift in energy gives information about the phonon modes in the system. 
In this thesis work, the Raman spectra were carried out using a WITEC CRM200 
Raman system with a 532 nm laser (2.33 eV) source and 100x objective lens.  
 
3.4 Evaluation of electrochemical properties 
A three-electrode cell system was used to evaluate the electrochemical performance 
by both cyclic voltammetry (CV) and galvanostatic charge-discharge techniques on an 
Autolab PGSTAT302N at room temperature. Various aqueous solutions were 
employed as the electrolytes which include 2 M H2SO4, 6M KOH and neutral 2M KCl 
solution. A platinum sheet and a saturated Ag/AgCl electrode were used as the counter 
and the reference electrodes, respectively.  
The working electrodes were prepared by various methods depends on the nature of 
the active materials. For free-standing active material (such as 3DOM carbon and its 
composites) without a binder, the working electrode was prepared by fixing the carbon 
or the composite materials on Pt net. For active materials which require binder (loose 
powder), the working electrode was prepared by casting a nafion-impregnated sample 
onto a glassy carbon electrode with diameter of 5 mm (Pan et al., 2007). Typically, 5 
mg of a carbon sample was dispersed in 1 mL of an ethanol solution containing 5 µL 
of a nafion solution (5 wt% in water) by sonication for 20 min. This sample was then 
dropped onto the glassy carbon electrode and dried in an oven before the 
electrochemical test.  
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CHAPTER 4  




4.1 Graphene oxide-polypyrrole composites  
4.1.1 Introduction  
Conducting polymers have been shown as promising electrode materials because of 
their high conductivity and fast redox activity (Nystrom et al., 2009; Roberts et al., 
2009). However, the rapid degradation due to swelling and shrinkage of the polymer 
can lead to a poor cycle stability. One way to overcome this drawback is to support the 
conducting polymer on a carbon-based material (Wang et al., 2006; Zhang et al., 2010). 
In this respect, various carbon materials, such as ACs (Bleda-Martinez et al., 2008), 
carbon monolith (Fan et al., 2007), templated porous carbons (Wang et al., 2006) and 
CNTs (Hughes, 2002) have been employed to making the composite materials. An 
improvement on stability has been observed because of the excellent chemical and 
mechanical stability of the carbon materials. However, the total capacitance values are 
usually limited by the microstructures of the carbon. In addition, the use of expensive 
CNTs as a substrate is not cost-effective.  
Recently, GO (Kim et al., 2010), has been demonstrated to be a good filler for 
polymer nanocomposites (Cassagneau et al., 2000). GO is a promising starting 
material as it can be prepared in large scales from graphite (Li and Kaner, 2008) and it 
is an attractive precursor for the production of functional composite materials because 
of its easy processability in solution and rich colloidal properties. In our previous work, 
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we have shown that a GO-conducting polymer composite displayed unique 
electrochemical properties when used as supercapacitor electrodes (Zhang et al., 2010).  
Herein, we demonstrate a new approach to the preparation of conducting-polymer-
pillared GO sheets as illustrated in Scheme 4.1. The approach is conceptualized on the 
basis of the electrostatic interactions between negatively charged GO sheets (Li et al., 
2008) and positively charged surfactant micelles. When a cationic surfactant solution 
of concentration well above its critical micellization concentration (cmc) is combined 
with a GO dispersion, the surfactant micelles will electrostatically adsorb on the 
surfaces of the GO sheets, forming a GO-surfactant multilayer structure with the 
surfactant micelles sandwiched between the GO sheets. When a conducting polymer 
monomer is added, the monomer will be predominately solubilized in the hydrophobic 
cores of the surfactant micelles. Upon adding an initiator, polymerization will also 
undergo predominately in the micelle cores. Removal of the surfactant by washing 
leads to a layered GO structure pillared with the conducting polymer. The morphology 
of the conducting polymer can be controlled by controlling the morphology of the 
surfactant micelles. Illustrated in Scheme 4.1 is the preparation procedure for GO 
sheets pillared by conducting polymer fibers. It is obvious that spherical micelles will 
lead to the formation of conducting polymer spheres.  
Such a GO-conducting polymer composite material possesses the unique properties 
of both the GO and the conducting polymer, such as good mechanical strength because 
of the carbon matrix, excellent electrical conductivity due to the conducting polymer 
and the GO if it is reduced to graphene or reduced graphene oxide, as well as 
pseudocapacitance due to the conducting polymer, thus holding a great promise for 
hybrid supercapacitors. Indeed, our experimental data revealed that the nanostructured 
composite material displayed a significantly higher capacitance than commercial 
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supercapacitor electrodes (typically less than 200 F g-1). For example, a GO-
polypyrrole composite prepared from this approach exhibited a high specific 
capacitance of 510 F g-1 with good rate capability and cycle stability. The simple 
method described in this work opens up a generalized route to making a wide range of 
GO-based composite materials for applications like energy storage and conversion. 
 
Scheme 4.1 Schematic illustration of the formation process of GOPPy composite. 
 
 
4.1.2 Characterization of the graphene- and graphene oxide-PPy composites 
To prove our conceptualized approach, the surface charge of the GO dispersion 
before and after adding the surfactant cetyltrimethyl-ammonium bromide (CTAB) 
solution was measured using the Zeta potential technique. The Zeta-potential profiles 
shown in Figure 4.1 revealed that the GO dispersion was negatively charged over a 
wide pH range, which is due to the ionization of functional groups on the GO surface, 
such as hydroxyl and carboxylic acid groups. This observation is consistent with that 
reported in the literature (Li et al., 2008). After adding surfactant CTAB, the GO 
dispersion became almost completely positively charged in the pH range studied in this 
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work. The Zeta potential data demonstrated that surfactant CTAB micelles indeed 
adsorbed on the GO sheets to result in a reverse of the surface charge.  





















Figure 4.1 Zeta potential profiles of a graphene oxide dispersion before (GO) and after 
adding surfactant CTAB (GO-CTAB). 
 
 
The XPS and XRD data of samples GO and RGO are shown in Figure 4.2. The C1s 
XPS spectrum shown in Figure 4.2a clearly indicated a considerable degree of 
oxidation of graphite upon chemical exfoliation. The two prominent peaks seen on 
sample GO revealed the presence of a large amount of functional groups on the surface 
of the GO (Gao et al., 2009). Upon reduction, the C-O bond diminished while the C=C 
bond dominated as evidenced by the presence of only one peak at about 284.5 eV (Gao 
et al., 2009). The small peak at about 288.5 eV indicated there was a small amount of 
carboxyl group in sample RGO.  
The XRD patterns shown in Figure 4.2b exhibited one sharp peak centered at 2θ = 
11.6o for sample GO. This is correlated to a distance of 0.76 nm between the stacked 
GO sheets. After hydrazine reduction (sample RGO), this peak disappeared and a 
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broad peak centered at 2θ = 25.8o emerged, indicating a successful exfoliation and a 
loosely packed graphene sheets in RGO (Cote et al., 2009). 

































Figure 4.2 (a) C1s XPS spectra of GO, RGO and pristine graphite and (b) XRD 
patterns of GO and RGO. 
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The presence of the surface functional groups on the GO sheets was further 
confirmed by the FTIR data shown in Figure 4.3 because the main absorption bands 
can be assigned to C=O, C−OH, and C−O vibrations (Li et al., 2008). These absorption 
bands however are hardly seen on the reduced GO sample (RGO), indicating the 
functional groups had been essentially removed by hydrazine. There are a number of 
absorption bands that can be seen on sample PPy-F. The peaks at 1548 and 1465 cm-1 
are due to the fundamental stretching vibrations of pyrrole rings (Wei et al., 2003). The 
bands at 1294 and 1034 cm-1 are due to the C-N stretching and C-H deformation 
vibrations, respectively. The strong absorption band at about 1175 cm-1 indicates that 
the PPy is doped (Wei et al., 2003; Zhong et al., 2006). All of the above peaks can be 
seen from sample GOPPy-F, showing the composite sample contained PPy. No 
vibration signals due to methylene appearing at 2848 and 2929 cm-1 are seen, 
indicating that CTAB had been completely removed (Zhong et al., 2006).  





































Figure 4.3 FTIR spectra of samples GO, RGO, PPy-F, and GOPPy-F. 
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Figure 4.4 FESEM images of (a) GO, (c) GOPPy-F, (e) PPy-F and TEM images of (b) 
GO, (d) GOPPy-F and (f) PPy-F. 
 
 
The layered structure of the stacked GO sheets can be seen from the FESEM image 
shown in Figure 4.4a. The TEM image (Figure 4.4b) showed a typical single layer GO 
sheet with a lateral dimension of several micrometers. As for the GOPPy-F composite, 




             Chapter 4. Graphene, Graphene Oxide and Their Composite Materials  
                                                                                                                                       63 
sandwiched between the GO sheets and on the GO surfaces. The TEM image (Figure 
4.4d) also confirmed the presence of PPy fibers sandwiched between the GO sheets. 
For the pure PPy sample (PPy-F) prepared in the absence of a GO dispersion, only 
random PPy fibers are seen from the FESEM (Figure 4.4e) and TEM (Figure 4.4f) 
images.  
In this preparation method, surfactant plays a paramount role in forming such a 
conducting-polymer-pillared GO composite structure. In our experiment, a sample was 
prepared under otherwise the same experimental conditions to that of sample GOPPy-F 
except for the absence of surfactant CTAB. The sample thus prepared is denoted as 
GO-PPy. Figure 4.5 showed the FESEM and TEM images of sample GO-PPy. It can 
be seen that in the absence of surfactant CTAB, no layered or flat composite structure 
was obtained. Instead, only separate PPy particles and GO sheets were obtained. This 
experimental data strongly support our conceptualized preparation route in which the 
surfactant micelles interact with the GO sheets to form a GO-surfactant multilayer 
structure, leading to the formation of a layered GO structure with conducting polymer 
sandwiched between GO sheets as pillars. 
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In addition, the morphology of the conducting polymer can be controlled by varying 
the surfactant and adding a coadsorbing molecule (Carswell et al., 2003). For example, 
we have also succeeded in synthesizing a layered GO structure pillared by PPy spheres 
(the sample is designated as GOPPy-S) in the presence of surfactant 
dodecyltrimethylammonium bromide (DTAB) and solvent 1-decanol. In this case, 
spherical micelles directed the formation of the PPy spheres. The use of 1-decanol was 
to enhance the size uniformity and stability of micelles (Wang et al., 2008). The 
FESEM images shown in Figures 4.6a and b revealed that it was PPy spheres instead 
of PPy fibers that were sandwiched between GO sheets. In the case of the pure PPy 
spheres sample (PPy-S) prepared without the presence of a GO dispersion, only 
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4.1.3 The electrochemical performance of the composite electrodes 
The electrochemical properties of samples are compared in Figure 4.7. The specific 
gravimetric capacitances of samples under different current loads are summarized in 
Table 4.1. The cyclic voltammetry (CV) curves of sample GOPPy-F (Figure 4.7a) 
exhibited a rectangular shape at sweep rates ranging from 50 to 400 mV s-1. On 
contrast, the CV curves for the pure PPy fiber sample (Figure 4.7b) were distorted. The 
above results demonstrate a better charge propagation behavior and ion response of 
sample GOPPy-F than sample PPy-F (Wang et al., 2008a). The significantly improved 
ion transport behavior of sample GOPPy-F was further characterized using the 
electrochemical impedance spectroscopy (EIS) technique with a frequency range of 0.1 
Hz-10 kHz. EIS is a powerful technique complementary to galvanostatic cycling 
measurement that provides more information on the electrochemical frequency 
behavior of the system. The EIS data were analyzed using Nyquist plots and is 
presented in Figure 4.7c. The negligible high frequency resistor-capacitor (RC) loops 
or semicircles for both samples GOPPy-F and the PPy-F indicates a good electrode 
contact (Portet et al., 2009a). The 45o sloped portion of the Nyquist plots, the so-called 
Warburg resistance (Kotz and Carlen, 2000), is a result of the frequency dependence of 
ion transport in the electrolyte. The smaller Warburg region of sample GOPPy-F than 
that of sample PPy-F indicates a lower ion diffusion resistance and less obstruction of 
the ion movement, thus better charge propagation and ion response of sample GOPPy-
F than sample PPy-F.  
The excellent capacitive performance of the composite electrodes can be clearly seen 
from Figure 4.7d. Compared to sample GOR, the significantly improved capacitance 
of sample GOPPy-F is attributed to the effective pseudocapacitive contribution of the 
PPy fibers in the composite electrode. While the pure PPy fiber sample exhibited a 
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high capacitance value (360 F g-1, see Table 1), its rate performance was poor as the 
capacitance was below 150 F g-1 when the current density was increased to 5 A g-1. On 
contrast, a very high specific capacitance of 510 F g-1 was obtained on sample GOPPy-
F and a high capacitance retention ratio (about 70 %) was observed when the current 
density was increased by seventeen times. It is interesting to note that sample GOPPy-
S performed similarly to that of GOPPy-F at low current density. However, when the 
current density increased, sample GOPPy-S performed worse than that of GOPPy-F. 
Considering that the weight percentage of PPy in both composite materials is similar, 
the difference between the capacitive performance of the two composite electrode 
materials are due to the different morphology, which resulted in different ion transport 
resistance. This can be seen from the Nyquist plots in Figure 7c. A larger Warburg 
region of sample GOPPy-S than that of GOPPy-F indicated a higher ion diffusion 
resistance of the former one, which resulted in poorer capacitive performance at high 
current density. However, when the current density is low, there is enough response 
time for the electrolyte ions to reach the active surface of both samples. Hence, similar 
performance is observed for GOPPy-S and GOPPy-F. Therefore, our experimental 
results implied the morphology of the conducting polymer played a very important role 
in the electrochemical performance. PPy with fiber-like structure in the composite 
material is beneficial for high-rate electrode material.     
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Figure 4.7 CV profiles of (a) GOPPy-F and (b) PPy-F measured at different sweep 
rates. (c) Nyquist plots of GOPPy-F,GOPPy-S and PPy-F, and (d) Specific capacitance 
as a function of current density. 
 
The advantage of the composite electrode GOPPy-F over the pure conducing 
polymer is clearly demonstrated. The support carbon matrix GO allowed the 
deposition of the conducting polymer on both surfaces of the GO sheets. In addition, 
the strong attachment between the carbon matrix and PPy enhanced the mechanical 
strength of the composite materials, which is highly favorable for long charge-
discharge cycle ability. Indeed, Figure 4.8 shows the electrochemical stability of the 
composite electrode GOPPy-F and the pure PPy-F at a current density of 5 A g-1. It is 
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seen that over 70% of the original capacitance was retained for the composite electrode 
GOPPy-F after 1000 cycles, while only 30% was retained for the pure PPy-F electrode, 
indicating a much better cycle ability of the composite material than the pure polymer 
electrode. 






















Figure 4.8 Cycling performance of the electrode materials GOPPy-F and PPy-F under 
a current density of 5 A/g.   
 
 
Table 4.1 Specific gravimetric capacitance of various electrodes at different 
current densities.  
Samples 0.3 A g-1 0.5 A g-1 1 A g-1 2 A g-1 3 A g-1 5 A g-1 
RGO 124 98 92 - - - 
GOPPy-F 510 480 440 456 374 351 
PPy-F 360 250 175 150 120 130 
GOPPy-S 528 483 364 307 276 255 
 
4.1.4 Summary 
In summary, we have demonstrated an approach to the preparation of conducting-
polymer-pillared graphene oxide sheets with excellent electrocapacitive properties. 
Such nanostructured composites embrace the unique properties of both graphene oxide 
and conducting polymers. The advantages of the composite materials include:  
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(1) the exfoliated GO sheets dispersed in solution provide large accessible surface 
for the attachment of the conducting polymer on both sides;  
(2) the three-dimensional layered structure would enhance the mechanical strength 
of the composite and stabilize the polymers during the charge-discharge 
process;  
(3) the GO nanostructure with conducting polymer pillars effectively reduces the 
dynamic resistance of electrolyte ions; and 
(4) the readily accessible conducting polymers contribute pseudocapacitance to the 
overall energy storage to a great extent.  
Considering the simple method and wide-range potential applications of the 
composite structures, the concept introduced in this work can be extended for making 
other graphene-based architectures for applications beyond supercapacitors. 
 
4.2 Three-dimensional nanostructured composites of CNTs-pillared 
graphene and graphene oxide 
 
4.2.1 Introduction  
Integrating materials with distinct structures and dimensions have been reported to 
lead to unexpected properties and unique applications (Giannelis, 1996; Jiang et al., 
2002). For instance, 3D clay mineral-polymer and clay-CNT nanocomposites have 
been fabricated by intercalating 1D polymeric molecules or CNT into 2D layered 
silicates and the resultant 3D composites demonstrated remarkable improvements on 
their mechanical resilience and energy-absorbing abilities (Veedu et al., 2006; Zhang 
et al., 2009; Zhao et al., 2010). Hybrid epoxy composites from 2D graphite 
nanoplatelet (GNPs) and 1D CNT have shown a synergistic effect between the GNPs 
and CNTs in the enhancement of the thermal conductivity (Yu et al., 2008). Growing 
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1D metallic nanostructure or CNT on a conducting substrate in a controlled manner is 
highly desirable in the fabrication of a 3D integrated platform for the applications 
requiring efficient electron transfer, such as field emission displays (FEDs) (Yoon et 
al., 2009), energy storage (Dimitrakakis et al., 2008), and photocatalytic degradation of 
dyes (Gao et al., 2009). 
Direct growth of CNTs on planar conducting substrates has been explored by 
several research groups (Hata et al., 2004; Liu et al., 2009; Wang et al., 2010). 
However, little effort has been done to design and fabricate a 3D nanostructure in 
which CNTs are grown as pillars within the layers of the conducting matrices. 
Recently, a new 3D nanostructure consisting of parallel graphene layers stabilized by 
CNTs placed vertically to the graphene planes has been proposed by a theoretical 
model (Dimitrakakis et al., 2008). Inspired by this theoretical work, we have explored 
the idea of direct growth of CNTs into layered graphene oxide (GO) sheets as well as 
the reduced graphene oxide (RGO) sheets to prepare CNTs pillared carbon composite 
with alternating CNT and carbon sheets within the 3D nanostructure.  
Scheme 4.2 illustrates the synthetic process of the CNTs pillared GO and RGO 
nanostructures. First, chemically exfoliated GO or RGO platelets were homogeneously 
dispersed in water in the presence of a surfactant. Then, a nickel nitrate solution was 
added under stirring at room temperature for 16 h. Upon complete removal of the 
solvent at 60 oC, the Ni-containing GO or RGO platelets were obtained. Growth of 
CNTs occurring on the Ni catalyst sites was carried out using the chemical vapor 
deposition (CVD) method catalyzed by the metal catalysts (Ni). Finally, CNTs-pillared 
GO or RGO nanostructures were obtained. Both the amount and the length of the 
CNTs were controlled by using different catalyst loadings and CVD times. The solid 
products are denoted as GOCNT-S (or L)y or RGOCNT-S (or L)y for the CNTs-
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pillared GO and RGO composites. Here, S and L stands for CVD times of 15 and 30 
min, respectively, and y indicates the Ni catalyst loading expressed using Ni/C ratio 
(here C refers to GO or RGO). For examples, sample GOCNT-S17 was prepared using 
a Ni/GO ratio of 17 and a CVD time of 15 min while sample RGOCNT-L2 was 
obtained from a Ni/RGO ratio of 2 and a CVD time of 30 min. 
Such 3D carbon nanostructures displayed unique electrical properties due to the 
synergetic effect between the reduced graphene oxide platelets and the CNTs grown on 
the platelet surfaces. Especially, the RGOCNT composite was found to exhibit an 
excellent electrocapacitive performance as pseudocapacitor material with a very high 
specific capacitance of 934 F/g at the current density of 1A/g and the capacitance value 
is still as high as 820 F/g at a very high current density of 20 A/g. Such a promising 
capacitive performance of the RGOCNT composite is due to the efficient 
electron/electrolyte ion transportation, large surface area, comprehensive utilization of 
the pseudocapacitive properties and good cycle stability.  
 
Scheme 4.2 Schematic illustration showing the process of direct growth of MWCNTs 
within GO and RGO sheets.         
 
4.2.2 Characterization of the RGOCNT and GOCNT composites 
Figures 4.9 and 4.10 showed typical FESEM images of various GOCNT and 
RGOCNT samples. It can be seen that most of the CNTs were grown perpendicular to 
the GO or RGO platelets. The cross-sectional morphology of the samples clearly 
showed the layered structures with CNTs as pillars in between GO and RGO platelets. 
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Increasing the amount of the catalyst resulted in more CNTs growth within the 3D 
nanostructures while decreasing the CVD time led to a shorter length of the CNTs. The 
white dots seen from the high-magnification field-emission scanning electron 
microscopy (FESEM) images were due to Ni particles on the tips of the CNTs, 
implying that the growth of the CNTs followed the tip-growth model (Otsuka et al., 
2004). In addition, the diameter of a CNT is often related to the particle size of a metal 
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Figure 4.10 FESEM images of RGOCNT samples. 
 
The TEM images shown in Figure 4.11 showed the diameter of the CNTs is in the 
range of 30–40 nm. The wall thickness and the inner diameter of the CNTs are about 8 
nm and 12nm, respectively. The high magnification TEM images (inset in Figure 4.11) 
revealed the straight graphene layers of multiwalls are parallel to the axis of the CNT. 
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high crystallinity of the CNTs, which will facilitate the electronic transport along the 
axis of the CNTs (Javey et al., 2003).   
  
 
Figure 4.11 TEM images of GOCNT-L17 and RGOCNT-L2.  
 
 
The Raman spectra of the CNT-pillared GO and RGO nanocomposites are shown in 
Figure 4.12 It is well known that Raman spectroscopy is a widely used tool to 
characterize the quality of the carbon products, especially that the conjugated and 
double carbon-carbon bonds lead to high Raman signals (Kudin et al., 2008). All 
samples in Figure 4.12 exhibit the Raman peaks of G band (~ 1580 cm-1) and D band 
(~1348 cm-1), in which the G band is a characteristic feature of the graphitic layers 
corresponding to the tangential vibration of the carbon atoms, whereas the D band is a 
typical sign for defective graphitic structures (Tuinstra and Koenig, 1970). The 
intensity ratio of the D and G peaks (ID/IG) gives a measure of the degree of 
crystallization and the alignment of the graphitic planes of the carbon materials 
(Tuinstra and Koenig, 1970). The RGOCNT samples generally possessed a lower ID/IG 
value than the GOCNT samples, indicating a better crystallinity with less structural 
defects of the former. This result suggests a better electrical property of the RGOCNT 
than that of GOCNT samples.  
RGOCNT-L2 GOCNT-L17 
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Figure 4.12 Raman spectra of RGOCNT and GOCNT composites. 
 
 
The XRD patterns of various GOCNT and RGOCNT samples are shown in Figure 
4.13. The well-resolved peaks at about 44.7o, 52.0o and 76.6o 2-theta for all the 
samples can be indexed as the (111), (200) and (220) reflections of pure metallic Ni 
with a face-centered cubic crystalline structure, respectively (JCPDS No.04-850). It is 
noted that the strong peak at about 44.7o 2-theta is not only due to the (111) reflection 
of Ni particle, but also the (101) reflection of graphitic carbon (Su et al., 2007b). The 
XRD results suggested that it was the Ni metal nanoparcitles that served as the 
catalytic sites for the growth of the CNT within the domain of both GO and RGO.  
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Figure 4.13 XRD patterns of various RGOCNT and GOCNT composites. 
 
The composite materials were analyzed by using XPS technique and the results are 
shown in Figure 4.14. The two prominent peaks seen on the C1s XPS spectra of 
sample GO clearly indicated the presence of a considerable amount of oxygenated 
functional groups. After reduction (sample RGO), the C-O bond diminished while the 
C=C bond dominated as evidenced by the presence of only one peak at about 284.5 eV 
(Gao et al., 2009). The GOCNT and RGOCNT samples displayed a similar C1s XPS 
spectrum to that of the RGO sample, suggesting that the CVD process resulted in the 
substantial loss in the oxygen, especially for the GOCNT composites. This observation 
is consistent with that reported in the literature (Yang et al., 2009).  
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Figure 4.14 C 1s XPS spectra for RGOCNT, GOCNT, RGO and GO. 
 
 
    The chemical composition of the samples was summarized in Table 4.2. It can be 
seen that the oxygen amount for all samples are less than 8% (atomic concentration), 
which is very close to or smaller than that of the pristine graphite. However, it should 
be emphasized that lower oxygen amount doesn’t necessarily lead to a better 
restoration of the π-π conjugated plane in the final structure. Though thermal annealing 
removed some of the functional groups from GO sheet, it cannot completely repair the 
holds and other defects formed within the plane of the carbon sheet (Li et al., 2008). 
This is in accordance to the Raman results that large amount of imperfections and 
defects are observed on GOCNT samples, which would hinder the electron movement 
within the nanostructure.  
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Table 4.2 Chemical composition (atomic %) and porosity properties of the 
samples 







GOCNT-L17 96.1 3.9 24.6 29 0.03 30 
GOCNT-L4 93.6 6.4 14.6 23 0.02 30 
GOCNT-S4 97.5 2.5 39.0 214 0.48 15 
GOCNT-S9 96.7 3.3 29.3 284 0.54 15 
GOCNT-S17 97 3 32.3 266 0.52 15 
RGOCNT-L2 94.1 5.9 15.9 26 0.04 30 
RGOCNT-S0.6 92.9 7.1 13.1 307 0.21 15 
RGOCNT-S2 91.5 8.5 10.8 352 0.38 15 
RGOCNT-S4 90.4 9.6 9.4 350 0.38 15 
 
 
Figure 4.15 shows the nitrogen adsorption-desorption isotherms of the RGOCNT 
samples (GOCNT samples showed similar trend). All the nanocomposites revealed a 
Type–IV isotherm with a H2 hysteresis loop, indicating a mesoporous structure (Su et 
al., 2007a). The porosity properties of various nanocomposites are summarized in 
Table 4.2. It can be seen that a shorter CVD time (corresponding to shorter CNTs) 
leads to a much more developed surface area as compared to the samples obtained 
using longer CVD time. The same trend is seen for both RGOCNT and GOCNT 
samples. The lower surface area and pore volume of samples with longer CVD time 
are probably due to the presence of dense CNTs in the composite structure. Since high 
surface area and good electrical properties will be beneficial in the electrochemical 
application. Therefore, RGOCNT-S4 is used as supercapacitor electrode material and 
is expected to have better electrochemical performance.       
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Figure 4.15 Nitrogen adsorption-desorption isotherms for RGOCNT samples. 
 
4.2.3 Electrochemical properties of the composites 
The electrochemical properties of the composite materials were evaluated and the 
results are shown in Figure 4.16. Prior to the use of the RGOCNT samples as the 
electrode for supercapacitor application, the metallic metal particles in the composite 
materials firstly underwent electrochemical reaction to convert nickel particles into 
nickel hydroxides in alkaline solution. This is essential as nickel hydroxides possess 
good pseudocapacitive properties. As can be seen from Figure 4.16a, in the potential 
range of -1.0 to 0.1V, irreversible chemical reaction occurred as evidenced by the 
single anodic current peak in the first cyclic voltammetry cycle. This corresponds to 
the conversion reaction of nickel particles in the alkaline solution (Ni + 2OH-1 = 
Ni(OH)2 + 2e-1) (Yang et al, 2008). In the following cycles in the same potential range, 
CV curves showed a fairly rectangular shape which is typical for double layer 
capacitance.  
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Figure 4.16b shows the CV curves of RGOCNT-S4 in the potential range from -0.1 
to 0.4V at various scan rates (5mV/s to 50 mV/s). In contrast to the Figure 4.16a, a pair 
of very strong redox current peaks are seen, which is due to the reversible reactions of 
Ni (II) ↔Ni (III) (Wang et al, 2010). The much high current comparing to the near 
rectangle CV curve in Figure 4.16a suggested very high pseudocapacitance of nickel 
hydroxide in the composite material. Figure 4.16c shows galvanostatic charge-
discharge curves of the RGOCNT-S4 at various current densities ranging from 1A/g to 
20 A/g. It is calculated that the specific capacitance is as high as 934 F/g at the 
discharge rate of 1A/g. Importantly, the specific capacitance value is still as high as 
820 F/g when the discharge rate increased to 10 A/g and 740 F/g at 20 A/g, which is 
considered as very promising in high-power supercapacitor application.  
Similar electrochemical measurements were carried out using GOCNT-S4, pure 
RGO and commercial MWCNT as electrode materials. Figure 4.16d compares the 
capacitive performance of various electrode materials at different discharge rates. It 
can be seen that under all discharge rates ranging from 1 A/g to 20 A/g, sample 
RGOCNT-S4 outperformed the rest as evidenced by the large specific capacitance gap 
in between. For GOCNT-S4, it shows little capacitance value (< 5 F/g), which is due to 
its poor electron and ion transport property. This is verified by the solution based 
electrochemical impedance spectroscopy (EIS) analysis. The results of the EIS 
measurement were analyzed using Nyquist plots and are presented in Figure 4.17. The 
negligible or very small high frequency resistor-capacitor (RC) loops or semicircles for 
samples RGOCNT, RGO and the commercial MWCNT indicated good electrode 
contact and little solution resistance (Portet et al., 2009a). The 45o sloped portion of the 
Nyquist plots, the so-called Warburg resistance (Kotz and Carlen, 2000), is a result of 
the frequency dependence of ion transport or diffusion in the system and the intercept 
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with the x- axis is the total resistance. It is seen that GOCNT electrode has a very high 
resistance value of about 30 ohm (Figure 4.17a) and the rest electrode materials show 
much smaller total resistance of less than 5 ohm (Figure 4.17b). This result indicated 
that GOCNT possesses very poor electron and ion transport property, which makes it a 
poor electrode candidate. By contrast, RGOCNT sample has a very small resistance of 
2 ohm, which is even smaller than pure RGO and the commercial MWCNT materials. 
In addition, about 80% of the total capacitance value is retained after 500 cycles at a 
high discharge rate of 10 A/g (Figure 4.18). Therefore, the superior ion transport 
property, the extremely high specific capacitance and good cycle stability makes 
RGOCNT a very promising electrode material for supercapacitor application.   
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Figure 4.16 Electrochemical properties of various electrode materials. 
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Figure 4.17 Nyquist plots of various electrode materials. 
 






























Figure 4.18 Specific capacitance and capacitance retention ration versus cycle 
number for RGOCNT-S4 at a discharge current density of 10 A/g. 
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4.2.4 Summary 
In summary, we have demonstrated the preparation of a novel 3D nanostructure with 
tunable CNT growth within the graphene or graphene oxide matrix using CVD method. 
Such 3D nanostructures exhibited an excellent electrocapacitive performance. The 
important features and advantages of the 3D nanostructure include:  
(1) the growth of 1D CNT can be easily controlled by the metal catalysts and the 
CVD time;  
(2) the use of the conducting carbon matrix such as graphene sheets are highly 
desirable for many applications requiring fast electron transfer such as catalysis, 
ion transportation, energy conversion and storage;  
(3) the synergetic effect between the 1D CNT and 2D graphene sheets effectively 
reduces the dynamic resistance of ions; 
(4) the wall of CNTs served as a good structural buffer for the large volume 
expansion of metal hydroxide particles during the charge-discharge cycles; 
(5) the extremely high specific capacitance, the fast ion transport property and 
good cycle stability makes RGOCNT a very promising electrode material for 
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CHAPTER 5 




Porous carbon is typical choice for supercapacitor electrode because of the desirable 
physical and chemical properties, such as relatively low cost, versatile existing forms 
(powers, fibers, aerogels, composites, sheets, monoliths, tubes, etc), easy process 
ability, relatively inert electrochemistry and presence of electrocatalytic active sites for 
a variety of redox reactions. ACs have been widely studied as the electrodes of 
supercapacitors because of their highly developed surface area. However, issues 
associated with ACs, such as the intrinsic disordered microporous texture and 
uncontrollable pore size and surface chemistry, have greatly hindered their applications 
as electrodes for energy storage and conversion (Qu and Shi, 1998; Salitra et al., 2000; 
Pandolfo and Hollenkamp, 2006; Raymundo-Pinero et al., 2006a). In fact, in addition 
to surface area, parameters like pore size and size distribution, pore shapes, surface 
functionalities must also be considered in designing an electrode (Wang et al., 2008a).  
The template method offers an effective way to producing nanostructured carbons 
with well-controlled pore size and connectivity, large surface area, and desirable 
surface functionalities. Recently, templated carbons with a hierarchical pore structure 
have attracted much attention because of their good capacitive properties (Lee et al., 
1999; Fuertes et al., 2004b; Vix-Guterl et al., 2005; Wang et al., 2006; Xing et al., 
2006; Li et al., 2007a). It has been shown that macropores and mesopores can facilitate 
the transport of electrolyte ions in the pores while micropores are the essence for 
efficient EDL charge storage (Frackowiak, 2007; Wang et al., 2008a; Huang et al., 
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2008a; Simon and Gogotsi, 2008). Very recently, Ania and co-workers (2007) 
demonstrated that zeolite-templated carbons display excellent capacitive properties 
under a low current loading in an acidic electrolyte. Portet et al. (2009b) investigated 
the performance of templated microporous carbon electrodes in an organic electrolyte 
and found a linear relationship between the capacitance and specific surface area, 
which opens an avenue to further enhancement of capacitance. On the other hand, it is 
known that surface functionalities on the porous carbon electrode play a crucial role in 
pseudo-faradic processes. But there lacks of a systematic study on the 
pseudocapacitive contributions from the surface functionalities of porous carbons in 
different electrolyte environments.  
In this chapter, porous carbons with controlled physical and chemical properties 
were prepared by the template method using chemical vapor deposition (CVD) process 
with different carbon precursors. The effect of the surface functionalities (particularly 
oxygen- and nitrogen-containing species) on the electrochemical performance of the 
templated carbons was investigated in both proton-rich and proton-free electrolyte 
media. The results showed that the templated porous carbons displayed different 
energy densities and rate capabilities, which are strongly determined by their porous 
structures and surface functionalities.  
5.2 Characterization of nitrogen-doped microporous carbon materials  
5.2.1 Nitrogen adsorption isotherms 
Figure 5.1 shows the nitrogen adsorption-desorption isotherms of the HY zeolite 
template, the templated porous carbon samples, and a commercial AC, RP-20. It can 
be seen that the isotherms are all of type I, indicating microporous materials for all 
samples. The PSD curves (insets) showed that the pore sizes of the zeolite and RP-20 
are mainly located in the range of micropore while the templated carbons showed one 
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major PSD peak in the micropore region (< 2 nm) with other distribution peaks in the 
mesopore region (> 2 nm). For the zeolite template, two peaks at around 0.6 and 1.0 
nm are seen, which are fairly consistent with the sizes of its twelve-membered 
windows and cavities. For the carbon samples templated from the zeolite, the most 
prominent peaks were found at about 1.1 and 1.4 nm for CN900 and CB900, 
respectively. Comparing the PSD of these two templated carbons, sample CB900 had 
micropores of larger sizes and more mesopore in the range between 2-5 nm. According 
to the literature, the wall thickness of the zeolite is around 1 nm (Ma et al., 2002). 
Hence, the 1.1 and 1.4 nm micropores were very likely replicated from the zeolite pore 
walls. The larger micropore size of sample CB900 is probably due to the incomplete 
filling of the pores of the zeolite channels or cages (Ania et al., 2007). By contrast, the 
commercial AC RP-20 showed an isotherm of the Langmuir type and a PSD only in 
the micropore region, indicating a predominance of micropores. It should be noted that 
we choose RP-20 because it is a commercial AC specially designed for the application 
in supercapacitors. 
The detailed textual properties of the samples determined from the nitrogen 
adsorption data are summarized in Table 5.1. It can be seen that carbon CN900 had a 
higher specific surface area and a larger microporosity than that of carbon CB900, 
implying that acetonitrile is a better carbon precursor in terms of microporosity 
development. Both templated carbons exhibited a higher mesopore volume than RP-20. 
It has been proposed that the presence of mesopores can accelerate the kinetics of ion 
diffusion in the electrodes and improve the power performance at large current 
densities, whereas micropores accessible to electrolyte ions are essential for large-
energy storage (Frackowiak, 2007; Wang et al., 2008a; Huang, 2008a). Hence, the 
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presence of both micropores and mesopores in the templated carbons is expected to 
display a better electrochemical capacitive performance than the AC.   
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Figure 5.1 Nitrogen adsorption-desorption isotherms and PSD (inset) for (a) HY 
zeolite template, (b) CN900, (c) CB900 and (d) commercial activated carbon RP-20. 
 
Table 5.1 Textural parameters of the various samples obtained from the nitrogen 
adsorption isotherms.  
 
Sample SBETa (m2/g) Vtb (cm3/g) Vmic (cm3/g) Vmed (cm3/g) Rmie 
HY 618 0.35 0.29 0.06 0.83 
CB900 939 0.68 0.33 0.35 0.49 
CN900 1400 0.78 0.48 0.3 0.62 
RP-20 1825 0.86 0.78 0.08 0.91 
a BET surface area; b Total pore volume; c micropore volume; d mesopore volume 
e microporosity  
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5.2.2XRD analysis 
Figure 5.2 shows the XRD patterns of templated carbons CN900 and CB900, 
together with that of HY zeolite. The pattern of HY zeolite is characterized by many 
sharp peaks due to the highly ordered crystalline structure of zeolite Y. Both templated 
carbons display a peak at around 6.0 degrees two theta, indicating the presence of 
structural regularity with a periodicity of about 1.4 nm. This is corresponding to the 
direct replica from the strongest diffraction plan indexed as (111) in Y zeolite with a 
plan spacing of about 1.4 nm (Ma et al., 2001; Ma et al., 2002; Ania et al., 2007). 
However, it is observed that this peak of sample CB900 is sharper than that of CN900, 
suggesting that the structural periodicity of the former one is better than that of the 
latter. In addition, sample CB900 exhibited a higher and sharper diffraction peak at 25 
degrees two theta, ascribed to the stacking of graphene structure, than sample CN900. 
Therefore, it can be concluded that using benzene as a carbon precursor cannot only 
improve the structural regularity but also favor the formation of graphitic carbon 










2 theta (degree)  
Figure 5.2 XRD patterns of templated carbons CN900, CB900 and HY zeolite 
template. 
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5.2.3 Thermogravimetric analysis 
Figure 5.3 shows the TG behaviors of templated carbons CN900 and CB900 in air. 
Three pieces of information can be obtained from the TG analysis. First, the negligible 
residue at 800 oC of both templated carbons showed a complete removal of the zeolite 
template by the HF solution. Second, only one peak centered at about 580 oC is seen 
for sample CN900. But, sample CB900 displayed two well-resolved weight loss peaks 
at 580 and 680 oC, respectively. This observation indicates that there is only one type 
of carbon in sample CN900, but two kinds of carbon species in sample CB900. The 
carbon species giving a higher combustion temperature is due to graphitic carbon 
while the carbon having a lower combustion temperature is ascribed to amorphous 
carbon (Su et al., 2005b). Hence, TG results indicate that the porous carbon templated 
using benzene precursor consisted of both graphitic carbon and amorphous carbon 
while the carbon obtained from acetonitrile is of mainly amorphous in nature. It can 
also be concluded that sample CB900 consists of over 50 wt% of graphitic carbon 
because of the stronger intensity of the peak at 680 oC than that at 580 oC.  





























Figure 5.3 TG weight loss curves and DTG curves in air of templated carbons. 
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5.2.4 FESEM and TEM observations 
The FESEM images of zeolite HY template and the templated carbons are shown in 
Figure 5.4. Both the shape and particle size of the zeolite template are retained for the 
two templated carbons. Since the particle size has some degree of influence on the 
electrochemical performance (Portet et al., 2008b), the conservation of the morphology 
of the zeolite template is important.  
   
Figure 5.4 FESEM images of the hard template zeolite HY (a), templated carbon 
CB900 (b) and CN900 (c). 
 
 
Figure 5.5 shows the TEM images of templated carbons CB900 and CN900 at 
different resolutions. A core-shell like structure is seen on sample CB900 while such a 
core-shell structure cannot be seen from sample CN900 (Figures 5.5a and b). The high-
resolution TEM images shown in Figures 5.5c and d revealed that the particle shell 
consists of graphene layers while the core is made of amorphous carbon for sample 
CB900. However, sample CN900 contains only amorphous carbon. This is in good 
agreement with the TG results, which showed two types of carbon species in sample 
CB900 but only amorphous carbon in CN900.  
Apart from using different carbon precursors, the two samples were prepared under 
the same experimental conditions. The observed different structures could only be due 
to the use of different carbon precursors. With the consideration of the mechanism of 
carbon deposition using CVD in preparation of carbon molecular sieves (Kawabuchi et 
(c) (b) (a) 
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al., 1998) and the ordered graphitic mesoporous carbon (Su et al., 2005a), the 
structural difference between the two templated carbons in this study could be 
understood as follows. The initial infiltration and pyrolysis steps proceeded similarly 
with both carbon precursors. Because of the spatial limitation imposed by the sizes of 
the zeolite supercages (1.4 nm) and channels (0.7 nm), graphitization of deposited 
carbon on the pore surface of the zeolite template is unlikely (Ma et al., 2001; Yang et 




Figure 5.5 TEM images of templated carbons CB900 (a, c) and CN900 (b,d). 
 
No more carbon deposition occurred in the pores when the pore size became smaller 
than the kinetic size of the carbon precursors (Su et al., 2005a). Further carbon 
deposition occurred only on the external surface of the template particle. Because the 
kinetic size of benzene molecule is larger than that of acetonitrile molecule, carbon 
(a) (b) 
(d) (c) 
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deposition on the template external surface began earlier when benzene was used as 
carbon precursor than when acetonitrile was a carbon precursor. With no spatial 
limitations on the template particle surface and high CVD temperature of 900 oC, the 
stacked graphene layers were formed on the external surface, as shown in Figures 5.5a 
and c. This dense but porous graphitic shell structure would facilitate the transportation 
of electrolyte ions into the inner highly microporous core, which is expected to 
enhance the rate performance of the carbon electrode. On the other hand, the dense 
layers of shell structure will inevitable increase the particle density, thus contributing 
to the decrease in the total pore volume and specific surface area 
5.2.5 Elemental and XPS analyses 
It has been reported that the presence of a moderate amount of oxygen- and/or 
nitrogen-containing functional groups on porous carbon electrodes can benefit the 
capacitive behavior in an aqueous electrolyte (Beguin et al., 2005; Hulicova et al., 
2005; Bleda-Martinez et al., 2006; Raymundo-Pinero et al., 2006a,; Raymundo-Pinero 
et al., 2006b; Li et al., 2007a). Table 5.2 summarizes the surface compositions of the 
carbon samples. It can be seen that carbon CN900 carried a large amount of nitrogen 
(7.6 wt%) and oxygen (14.1 wt%) while CB900 contained 5.2 wt% oxygen only. The 
nitrogen in sample CN900 came from carbon precursor acetonitrile. The oxygen in 
both templated carbons was from the zeolite template, HF treatment, and moisture 
adsorbed. The commercial AC RP-20 contained the largest amount of oxygen, which 
came from the carbonization and activation processes. 
Table 5.2 Elemental composition of various carbon samples derived from XPS 
analysis and elemental analysis   
  XPS analysis     ElementalAnalysis 
Samples C wt% O wt% N wt%   C wt% O wt% N wt% H wt% 
RP-20 87.6 12.4 0  84.4 15 0 0.6 
CN900 87.4 8.8 3.8  76.7 14.1 7.6 1.6 
CB900 96.0 4.0 0.0  93.7 5.2 0 1.1 
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Figure 5.6 O 1s and N 1s spectrum of templated carbons CN900, CB900 and 
commercial activated carbon RP-20. 
 
The different chemical states of nitrogen and oxygen atoms presented in the carbon 
samples were investigated using the technique of curve deconvolution of O 1s and N 
1s XPS spectra and the results are shown in Figure 5.6. Four types of oxygen states can 
be identified by fitting the O 1s core-level spectrum, namely double-bonded quinine-
type groups (O-1) with a binding energy (BE) of 530.3 eV, single-bonded oxygen in 
phenol and/or ether aromatic structures (O-2) with a BE of 532.1 eV, ester oxygen in 
esters and/or anhydrides (O-3) with a BE of 533.4 eV, and chemisorded oxygen in 
carboxyl groups and/or water (O-4) with a BE of 535.5 eV (Su et al., 2004; Ania et al., 
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2007). In the case of nitrogen in sample CN900, the N 1s spectrum was fitted into four 
peaks with BEs of 398.4, 399.9, 401.2, and 403.1 eV, assigned to pyridinic nitrogen 
(N-6), pyrrolic/pyridonic nitrogen (N-5), quaternary nitrogen (N-Q) and oxidized 
nitrogen (N-X), respectively.   
The relative contribution of each oxygen and nitrogen species are summarized in 
Table 5.3. It can be seen that the major oxygen species in RP-20 are due to the single-
bonded phenol and ester oxygen groups. For the templated carbons, double-bonded 
quinine-type oxygen groups are presented in a substantially higher proportion 
comparing to RP-20. The N 1s spectrum of CN900 showed a relatively similar content 
of N-6, N-5 and N-Q type of nitrogen groups with a small amount of oxidized nitrogen 
as well. Apart from the quaternary nitrogen that is located within the graphene 
structure, both the pyridinic and pyrrolic nitrogen groups are located at the edge of the 
graphene layer, which are easily accessible to guest molecules. A previous study 
(Hulicova et al., 2005) has suggested that pyridinic nitrogen at the periphery of the 
graphene layer can introduce electron donor properties to the layer. Another study 
(Montes-Moran et al., 2004) has shown that pyrone-type structures that are the 
combination of non-neighboring carbonyl and ether oxygen atoms at the edge of the 
graphene layers have proton and electron acceptor properties. It is thus believed that 
the oxygen- and nitrogen-containing functional groups on the templated carbon surface 
may have an influence on the electrochemical performance of the carbons. 
Table 5.3 Surface elemental contribution by fitting the N 1s and O 1s core-level 






























eV 403.1 eV 
RP-20 2.5 54.0 43.6 - - - - - 
CN900 17.9 52.9 29.2 - 34 27 28 11 
CB900 12.5 26.6 46.1 14.9 - - - - 
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5.3 Evaluation of the electrochemical properties 
CV measurement was employed to study the capacitive behavior of the templated 
carbons in different electrolytic medium. The galvanostatic charge-discharge method 
under different current loadings ranging from 0.1 to 1 A/g was used for quantifying 
capacitance. The specific gravimetric capacitance (Cg in F/g) was obtained from the 





=   (5.1) 
where I  is the current loaded (A), t∆ is the discharge time (s), V∆ is the potential 
change during discharge process and m is the mass of active material in a single 
electrode (g). The surface-area-normalized capacitance (CSA in µF/cm2) was 










where SBET is the specific surface area derived from the nitrogen adsorption. 
Figure 5.7 shows the CV curves of templated carbons and AC in an acidic 
electrolyte at a scan rate of 50 mV/s. It can be seen that a pair of anodic and cathodic 
humps appears for all three carbon electrodes; with much more pronounced redox-
peaks showing on the two templated carbons CB900 and CN900. This pair of redox 
peaks is attributed to the reversible redox transitions from various functionalities on 
carbon electrode in acidic electrolytes (Ania et al., 2007). Comparing the CV curves of 
CB900 with that of RP-20, more prominent redox-peaks between 0.2 and 0.3 V were 
observed on CB900. Considering that RP-20 contains mainly single-bonded oxygen 
species as revealed by the XPS data, it has most likely less pyrone-type structure 
(which has proton and electron accepting properties) than CB900. Recent study has 
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shown that pyrone-type structures can accept two protons and two electrons in proton-
rich environment (Montes-Moran et al., 2004). In addition, the hierarchical distribution 
of micro- and mesopore in CB900 provides better accessibility for the electrolyte ions 
to the electro-active functional groups as compared to RP-20 mainly with micropores. 
The specific gravimetric capacitances of CB900 and RP-20 shown in Table 5.4 are 
similar despite that the specific surface area of the latter is double that of the former. 
The surface-area-normalized capacitance listed in Table 5.5 showed that sample 
CB900 is nearly two times larger than that of RP-20. The above observations implied 
that the pseudocapacitance contributes to the total performance of CB900 to a great 
extent in the acidic electrolyte. 
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Figure 5.7 Electrochemical performance of various carbon electrodes in 2 M H2SO4 solution (a) CV comparison between various carbon samples 
at the scan rate of 50 mV/s, (b) Galvanostatic charge-discharge plots under current loading of 1 A/g and (c) CV performance of CN900 at various 
scan rates. 
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As for sample CN900, a capacitance of as high as 452 F/g was obtained at a low 
current loading and the capacitance was about 354 F/g at a current loading of 1 A/g. 
The superior capacitive performance of sample CN900 in the acidic electrolyte can be 
seen from the galvanostatic charge-discharge plots shown in Figure 5.7b. A good 
electrical conductivity is revealed by the small IR drop (a voltage drop associated with 
the resistance R and current I) and near triangular shape. In addition, the CV plots at 
various scan rates shown in Figure 5.7c displayed vertical slopes at both lower and 
higher switching potentials, indicating a fast charging and discharging response. The 
greatly enhanced electrochemical performance of carbon CN900 should be attributed 
to the pseudocapacitive behaviors due to the high contents of nitrogen (7.6 wt%) and 
oxygen (14 wt%) functionalities, coupled with the tailored hierarchical pore structure. 
The wide humps on the CV curve of sample CN900 (Figure 5.7a) revealed that 
reversible redox processes due to various surface functionalities occurred during the 
charge-discharge processes.  
Several research groups (Bleda-Martinez et al., 2006; Beguin et al., 2005) have 
observed an improved capacitance of nitrogenated and/or oxygenated functionalities in 
acidic electrolytes. The proposed charge transfer reactions involving nitrogen-
containing functionalities are shown in equations (5.3) and (5.4) (Beguin et al., 2005): 
222 NHCHHeNHC −↔>++=>
+−            (5.3) 
OHNHCHHeNHOHCH 2222 +−↔>++−>
+−  (5.4) 
where >C stands for the carbon network. One electron transfer quinine/hydroquinone 
mechanism for oxygenated functionality is shown in equation (5.5) (Bleda-Martinez et 
al., 2006): 
OHCHeOC xx ↔>++>
+−  (5.5) 
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According to the above mechanisms, faradic current from the reversible redox 
transitions are responsible for the enhanced capacitive performance. Apart from the 
pseudocapacitive contribution, another important aspect that is related to the 
microporous structure should also be considered when interpreting the performance of 
the electrode material. The templated carbon CN900 possessed a narrow PSD within 
the micropore range and a small portion of mesopores. The micropores in the 
hierarchical porous carbon are very efficient in EDL charging (Wang et al., 2008a). 
Hence, the synergetic effect of the pseudocapacitive interactions between the surface 
functionalities and protons and the tailored microporous texture are two important 
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Figure 5.8 Electrochemical performance of various carbon electrodes in 6 M KOH solution (a) CV comparison between various carbon samples 
at the scan rate of 50 mV/s, (b) Galvanostatic charge-discharge plots under current loading of 1 A/g and (c) CV performance of CN900 at 
different scan rates. 
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The performance of various carbon samples in a proton-free electrolyte was 
investigated. Figure 5.8 shows the electrochemical measurements of various carbon 
electrodes in a 6 M KOH solution. Different from the results obtained when using 
H2SO4 electrolyte, no obvious redox-peaks were seen for all carbon electrodes. Instead, 
near rectangular CV curves were observed in Figure 5.8a, indicating a different 
capacitive behavior in KOH electrolyte. For samples CB900 and RP-20, lower Cg and 
CSA were obtained in KOH electrolyte than that in H2SO4 electrolyte (Table 5.4 and 
Table 5.5). Furthermore, it can be seen from Table 5.5 that carbon CB900 gave a 
higher surface-area-normalized capacitance than RP-20, indicating a more efficient 
EDL performance for electrode CB900. Considering the different microporous 
structure, it is suggested that the ordered hierarchical pore structure as well as the 
presence of graphitic shell in CB900 offered a good ion transportation pathway and a 
low resistance for charge and electrolyte diffusion, leading to better EDL performance. 
An interesting phenomenon was observed on sample CN900. When extending the 
applied potential window from 0.6 to 1 V, that is, the lower cut-off potential was 
extended from -0.8 to -1.2 V, an increase in specific gravimetric capacitance was 
observed. Such a behavior was not obtained on samples CB900 and RP-20, which 
contain only oxygenated functional groups. At a current density of 1 A/g, the specific 
gravimetric capacitance of sample CN900 was increased to 271 F/g with extending the 
potential window from 0.6 to 1 V. At a lower current density of 0.1 A/g, a larger 
increment was observed, that is, from 208 F/g at potential window of 0.6 V to 316 F/g 
at potential window of 1 V. The enhanced capacitive performance can be clearly seen 
from the galvanostatic charge-discharge curves shown in Figure 5.9a. A curved 
charge-discharge plot was noted when lower potential was extended from -0.8 to -1.2 
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V, indicating some kind of faradic process rather than a pure EDL charge storage 
mechanism.  
Comparing the capacitive performance of CN900 in KOH electrolyte with that in 
H2SO4 electrolyte solution, some important findings are noted. First, a significant 
amount of pseudocapacitance contributes to the total capacitance in both acidic and 
basic electrolytes. However, the pseudo-processes are different in the two electrolyte 
solutions. In H2SO4, the reversible redox transition is mainly due to the proton 
exchange between the nitrogenated and oxygenated functionalities; whereas the 
nitrogenated species played an important role in the pseudo-processes in KOH 
electrolyte solution. Second, over 50% capacitance increment was observed at a 
current loading of 0.1 A/g in KOH solution when the lower cut-off potential was 
changed from -0.8 to -1.2 V (still within the stable thermodynamic potential window). 
However, the potential has almost no effect on the capacitance value when H2SO4 
electrolyte was used. This provided additional proof that the pseudocapacitive behavior 
of CN900 in KOH is different from that in H2SO4 electrolyte. It also implied that the 
pseudo-effect in KOH solution is more significant at the lower potential range. Similar 
results have been obtained by Hulicova and co-workers (2006) when studying 
capacitive performance of nitrogen-enriched carbons with low porosity. They have 
proposed that there are strong faradic interactions between K+ ions and nitrogen 
species on carbon electrode. To confirm the effect of K+ ions, a 2 M KCl solution was 
used to further study the capacitive performance of sample CN900. Similar findings 
were obtained in KCl electrolyte as can been seen from Table 5.4 and the galvanostatic 
charge-discharge plots in Figure 5.9b.  
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Figure 5.9 Galvanostatic charge-discharge curves of carbon CN900 measured with 
potential windows of 0.6 and 1 V in (a) a 6 M KOH solution with a current loading of 
0.1 A/g, and (b) a 2 M KCl solution with a current loading of 1 A/g. 
 
On the basis of the above observations, it is proposed that the nitrogen species 
presented in CN900 enhanced the adsorption/desorption of positively charged ions at 
low potentials. There is faradic interaction between K+ ions and nitrogenated 
functionalities. This faradic interaction is much stronger at negative potentials, 
resulting in a greatly improved overall capacitance when negatively polarized at the 
potential window of 1 V. In addition, the low IR drop from the charge-discharge curve 
(Figure 5.8b) and the vertical slops at both switching potential ends of the CV plots 
(Figure 5.8c) reveal a good capacitive performance of CN900 electrode. A high 
capacitance retention ratio of 97% was obtained when the current loading increased 
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Table 5.4 Specific gravimetric capacitance (Cg in F/g) of the carbon samples obtained under different current loadings in various 
electrolytes. 
Cg (F/g) 
 H2SO4 (0.6V)  KOH (0.6V) KOH (1V)  KCl (0.6V) KCl (1V) 
Sample 0.1 A/g 0.5 A/g 1 A/g  0.1 A/g 1 A/g 1 A/g  0.1 A/g 1 A/g 1A/g 
CB900 275 250 185  105 103 105  105 104 105 
CN900 452 363 354  208 201 271  205 170 215 
RP-20 287 241 170  105 95 105  112 94 98 
 
 
Table 5.5 Surface-area-normalized capacitance (CSA in µF/cm2) of the carbon samples obtained under different current loadings in various 
electrolytes. 
CSA (µF/cm2) 
 H2SO4 (0.6V)  KOH (0.6V) KOH (1V)  KCl (0.6V) KCl (1V) 
Sample 0.1 A/g 0.5 A/g 1 A/g  0.1 A/g 1 A/g 1 A/g  0.1 A/g 1 A/g 1A/g 
CB900 29 27 20  11 11 11  11 11 11 
CN900 32 26 25  15 14 19  15 12 15 
RP-20 16 13 9  6 5 6  6 5 5 
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5.4 Summary 
(1) Nitrogen- and oxygen-containing microporous carbons with tailored porosity 
have been prepared with a template method. Their behaviors as supercapacitor 
electrodes in alkaline, acidic and neutral electrolytes have been investigated. 
The superior capacitive performances of the templated carbons are found to be 
closely correlated with the ordered hierarchical porous structure, the adequate 
microporosity, and the presence of suitable surface functionalities. 
(2) Different types of pseudo-processes occurred in the proton-rich and proton-free 
electrolyte solutions. In the proton-rich electrolyte, the faradic processes are 
mainly due to the proton exchange between the nitrogen- and oxygen-
containing functional groups on the carbon electrodes. Additionally, on the 
basis of XPS analysis, pyrone-type functionalities were found to be electro-
active in H2SO4 electrolyte. On the other hand, in proton-free electrolytes, 
nitrogen-containing functionalities were observed to play an important role in 
the adsorption/desorption of K+ ions. The faradic interaction between K+ ions 
and the nitrogen functionalities are stronger at more negative potentials.      
(3) The contribution from the electro-active functionalities and the well-ordered 
microporous texture with a hierarchical pore structure are believed to provide a 
synergetic contribution to the overall performance. The presence of mesopores 
within the ordered micropore system enabled ions to rapidly diffuse to 
approach the active surface, leading to a high-rate capability. Moreover, the 
microposity in the templated carbons secured an adequate space for the 
formation of an efficient EDL, where charge is stored.  
(4) To summarize, the greatly enhanced energy storage and high rate capability of 
the zeolite-templated microporous carbons are attributed to their well-tailored 
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chemical and physical properties. In addition, the capacitive performance of the 
nitrogen-rich microporous carbon in an aqueous electrolyte is better than some 
commercial AC electrodes working in an organic electrolyte. 
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CHAPTER 6 




6.1 Introduction  
With regard to metal oxide pseudocapacitor, amorphous hydrated ruthenium oxide 
has been found to be an excellent electrode (Zheng et al., 1995; Hu et al., 2006) 
because of its ideal pseudocapacitive behaviors (high specific capacitance of over 700 
F/g) and good reversibility. However, the high cost of this precious metal oxide 
hinders its practical applications. Hence, alternative oxides, such as manganese oxides 
(MnOx), have been exploited (Pang et al., 2000; Toupin et al., 2002; Hu and Wang, 
2003; R. Ma et al., 2004; Toupin et al., 2004; Zhu et al., 2006; Chen et al., 2007; F. 
Jiao and P.G. Bruce, 2007; Machefaux et al., 2007; C. Yu et al., 2008). MnOx can be 
present in various oxidation states and phases. The most often studied phases are 
MnO2 with an oxidation state of 4+, Mn2O3 with an oxidation state of 3+, or a mixture 
of the two phases. Several techniques have been employed to prepare manganese 
oxides with controlled morphologies and structures, including nanocasting (Chen et al., 
2007; F. Jiao and P.G. Bruce, 2007), sonochemical method (Zhu et al., 2006), the 
thermal decomposition method (C. Yu et al., 2008), the hydrothermal synthesis method 
(R. Ma et al., 2004), the sol-gel route (Pang et al., 2000), the coprecipitation method 
(Toupin et al., 2002; Toupin et al., 2004), and the electrochemical deposition method 
(Hu and Wang, 2003), etc. Various forms of manganese oxides such as hierarchically 
porous MnO2, mesoporous Mn2O3 with crystalline pore walls, discrete nanoporous 
MnO2 and Mn2O3 particles, layered MnO2 nanobelt, nanostructured MnOx films, have 
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been synthesized. Ultrathin MnO2 film electrode is capable of delivering a specific 
capacitance as high as 1380 F/g, which is close to the theoretical value (Toupin et al., 
2004). However, when thick film was prepared, the specific capacitance was observed 
to significantly decrease (150 F/g – 250F/g). Yu et al. (2008) have synthesized 
microporous Mn2O3 particles and the maximum specific capacitance of the pure metal 
oxide was evaluated to be about 350 F/g, which is still far smaller than the theoretical 
value. While high specific capacitances can be achieved with MnO2 thin film 
electrodes, the poor electrical conductivity of the manganese oxides largely limits their 
applications in developing high-power supercapacitors.  
  A composite electrode with nanosized MnOx incorporated in highly conductive 
support would be advantageous in designing supercapacitor electrode materials. Over 
the past few years, various carbons, such as graphite (Wu et al., 2004), carbon 
nanotubes (CNTs) (Wu and Hu, 2004; Lee et al., 2005; Raymundo-Pinero et al., 2005; 
Subramanian et al., 2006; Ma et al., 2007; Xie and Gao, 2007; Zhang et al., 2008a), 
carbon nanofoams (Fischer et al., 2007) and templated carbons (Zhu, 2005; Dong et al., 
2006; Lei et al., 2008) have been used to support manganese oxides for making 
composite electrode materials. While graphite and CNTs offer the advantage of 
excellent electrical conductivity, the materials have a low surface area available, thus 
exhibiting a poor electrochemical performance.   
In this work, Mn2O3-carbon composite materials with nano-sized Mn2O3 particles 
incorporated in ordered graphitic mesoporous carbon (OGMC) were prepared via a 
simple self-controlled redox deposition process under neutral pH conditions. The 
elelctrochemical performance of the materials was evaluated. The incorporation 
mechanism of Mn2O3 nanoparticles in OGMC support was investigated.  
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6.2 Characterization of manganese oxide-mesoporous carbon 
6.2.1 XRD analysis 
Figure 6.1 compares the wide-angle XRD patterns of the OGMC, carbon black XC-
72, and their composites prepared in this work. Two diffraction peaks at around 25 and 
43 degrees two theta, corresponding to (002) and (101) diffractions of graphitic carbon 
(T. W. Kim et al., 2003; Fuertes and Alvarez, 2004a), respectively, can be seen on the 
OGMC and XC-72. The intensities of these two peaks of OGMC are slightly lower 
than that of XC-72, showing a poorer graphitic crystallinity of OGMC than XC-72. It 
is also seen that the intensities of the two peaks decreased for the composite materials, 
which is related to the incorporation of manganese oxide nanoparticles (Zhu, 2005). 
All composite materials (except sample MnC-60min-h) do not show obvious 
diffraction peaks of manganese oxide, probably due to the amorphous nature of the 
oxide. Further heat treatment was carried out for sample MnC-60min to enhance the 
crystallininity of the metal oxide particles as suggested by Zhu et al (Zhu, 2005) and 
Dhas et al (Dhas et al., 1997). Diffraction peaks characteristic of Mn2O3 (ICDD-
JCPDS Card No. 6-540) can be seen for sample MnC-60min-h. The average particle 
size of Mn2O3 calculated from the Scherrer equation using diffraction peak due to the 
(203) plan was about 8 nm. It is interesting to note that upon heating the crystallinity of 
the manganese oxide became higher. In addition, the heat treatment did not change the 
oxidation state of the manganese oxide nanoparticles as the formation of other MnOx 
species from Mn2O3 occurs only when the calcination temperature is greater than 1173 
K (Han et al., 2008). This can be verified from XPS and XANES data, which will be 
discussed in the subsequent sections. 
Chapter 6. Manganese Oxide-Doped Mesoporous Carbon Electrodes 
                                                                                                                                     110 




























2 Theta (degrees)  
Figure 6.1 XRD patterns of OGMC, carbon black XC-72 and their composites. 
 
6.2.2 XPS analysis 
The XPS data shown in Figure 6.2 reveal the presence of manganese oxide and the 
absence of KMnO4 for all MnC samples. It can be seen that the Mn 2p3/2 peak is 
centered at about 642 eV while the Mn 2p1/2 peak is at about 654 eV. In addition, there 
is no Mn 2p3/2 signal due to KMnO4 at 647 eV, indicating that the permanganate ions 
have been reduced to manganese oxide. No obvious difference was seen between as 
prepared MnC-60min and MnC-60min-h. While studies have been performed to 
measure the Mn-O system using XPS (Gardner et al., 1991; van Elp et al., 1991), it is 
problematic to precisely determine the Mn valence in MnOx because the variation of 
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XPS binding energies of Mn 2p is too small (less than about 1 eV). Hence, in this work, 
the XANES technique was used to confirm the oxidation state of MnOx in the 
composite materials. 

















Figure 6.2 XPS spectra of various MnC composite materials.  
 
6.2.3 XANES spectroscopy 
X-ray absorption spectroscopy, including XANES and extended X-ray absorption 
fine structure (EXAFS) that have been well established as a very accomplished 
technique can provide information on local atomic and electronic structures of an 
element (Pan et al., 2004). In this work, the Mn K-edge XANES was employed to 
study the dipole transition of the 1s core-hole electron to the p-like unoccupied 
projected density of states (DOS) at the Mn absorbing site (Figueroa et al., 2005). 
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Since the 4p Mn states are hybridized with O 2p and Mn 3d states of the neighboring 
atoms, the local p-like projected DOS is very sensitive to the charge distribution and 
local distortion of Mn-O bonds, as well as to any variations in Mn 3d-O 2p 
hybridization, which is believed to form the electronic states near the Fermi Level 
(Groot, 2005). The electronic characteristics of the Mn atoms in the MnC samples can 
be obtained by means of the analysis of the Mn K-edge shifting. In principle, each 
different chemical species of Mn contributes to the experimental spectrum with its 
specific weight. The energy shifts on the absorption edge are directly related with the 
average oxidation state of the absorbent atom (Wong et al., 1984). As can be seen from 
Figure 6.3A, the absorption K-edge corresponding to the standard MnO is at a smaller 
energy than that of MnO2. The absorption K-edge energy for the two MnC samples 
(MnC-60min and MnC-60min-h) is between that of MnO and MnO2. The origin of this 
shift is due to the different shielding effects, which produce the valence electrons on 
the core electronic levels.  
In order to make a further quantitative determination of the average oxidation state 
for Mn in the MnC samples, the method suggested by Wong (Wong et al., 1984) was 
used to analyze the XANES data and the results are shown in Figure 6.3B. A linear 
correlation was obtained based on the reference compounds (metallic Mn, MnO, MnS, 
Mn2O3 and MnO2). The obtained average oxidation state for Mn species in the two 
MnC samples was found to be at about +3, which is in accordance with the XRD data. 
Furthermore, the XANES results showed that the heat treatment did not change the 
oxidation state of Mn in the MnC samples.  
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Figure 6.3 (A) XANES spectra in the Mn K-edge region for manganese standards and 
MnC samples (MnC-60min and MnC-60min-h) and (B) oxidation state determination 
of MnC samples by employing the Mn K-edge energy. 
 
6.2.4 FESEM observation 
Figure 6.4 shows the FESEM images of the SBA-15 template, the OGMC sample 
prepared using the SBA-15 as template, and its composite prepared with and without 
sonication (the morphology of sample MnC-10min is very similar to that of sample 
MnC-60min). It can be seen that all samples display a fiber-like morphology with 
bundles of segregated bamboo-shaped primary particles, indicating the morphology of 
the SBA-15 template was carried on by the templated carbon and the redox reaction 
with KMnO4 solution did not change the morphology of the templated carbon. In 
addition, no obvious morphology difference between the pure OGMC and its 
composite materials is seen, indicating that no large manganese oxide crust formed on 
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the external surface of the carbon particles because a neutral pH was used in the 
experiment. The formation of such manganese oxide crust on graphite and nanoform 
carbon supports have been observed before (Wu et al., 2004; Fischer et al., 2007). The 
fast and preferential deposition of manganese oxide on the exterior was due to the 
autocatalytic nature of permanganate decomposition in acidic solutions (Fischer et al., 
2007). In our case, a neutral pH condition was used, which would allow the diffusion 
of the permanganate ions and self-controlled deposition onto the internal surface of the 
OGMC.  
 
Figure 6.4 FESEM images of (a) SBA-15, (b) OGMC, (c) MnC-60min and (d) MnC-
S-60min. 
 
6.2.5 TEM observation 
Depicted in Figure 6.5 are the TEM images of samples OGMC, MnC-60min, MnC-
S-60min and MnC-60min-h. Figure 6.5a and 6.5b show the pore-structure and the 
(a) (b) 
(c) (d) 
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lattice fringe images of the sample OGMC. The presence of ordered arrays of pore 
channels can be clearly seen. The estimated pore diameter is about 3 nm, showing a 
complete replica from the SBA-15 template. From the lattice-fringe image shown in 
Figure 6.5b, it can be seen that the carbon contains stacked graphene layers, indicating 
the presence of graphitic structure. It is seen from Figure 6.5c that the ordered pore 
channels were preserved upon KMnO4 treatment. No large manganese oxide 
nanoparticles are seen in the whole range of the prepared sample, indicating negligible 
particle aggregation. The poor image of the nanoparticles is probably due to the weak 
contrast between carbon and amorphous manganese oxide (Zhang et al., 2001; Zhu, 
2005). Nevertheless, there are no particles present in the pore channels, indicating that 
the manganese oxide nanoparticles were not formed inside the pores.  
The heat treated sample MnC-60min-h shown in Figures 6.5e and f demonstrated 
the homogeneous dispersion of manganese oxide nanoparticles with sizes in the range 
of 7-8 nm. This is in accordance with that calculated using the Scherrer equation on the 
basis of the XRD data shown in Figure 6.1. In addition, the nanoparticle sizes of 7-8 
nm agree well with the thickness of the carbon pore walls, which is determined by the 
diameter of pores of the template (SBA-15 silica). Similar TEM observation was seen 
with sample MnC-S-60min which was prepared with sonication, but with some large 
particles formed on the external surface.  
In comparison, under the same pH conditions (namely neutral pH), large ribbons 
and rods (> 20nm) were obtained when carbon nanoforms (Fischer et al., 2007) and 
acetylene black (Ma et al., 2006) were used as carbon support. A neutral pH led to a 
slower rate of MnOx formation, which allowed the diffusion of the permanganate ions 
into the internal surface of the supports. In addition, the structure of OGMC played an 
important role in controlling the homogeneous deposition of manganese oxide 
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nanoparticles. The relative high surface area of OGMC is advantageous in providing 
large deposition area for better dispersion of nanoparticles. The ordered two-
dimensional mesopore system offered a fast ion transportation pathway. 
 
 
Figure 6.5  TEM images of (a, b) OGMC, (c) MnC-60min, (d) MnC-S-60min and (e, f) 
MnC-60min-h. 
 
The formation mechanism of manganese oxide inside the porous carbon structure is 
proposed as follows. Under neutral pH conditions without an autocatalytic effect, 
permanganate ions diffused into the pore channels of the OGMC. Carbon served as a 
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manganese oxide particles, which were embedded in the carbon pore walls. This 
hypothesis is based on one of our previous studies (Su et al., 2007a), in which it was 
observed that ruthenium species can be in-situ reduced by carbon and the resultant Ru 
nanoparticles are embedded in the carbon framework. In the present study, manganese 
oxide nanoparticles mostly probably formed in a similar way but with the in situ 
reduction of KMnO4 by carbon. 
6.2.6 TGA analysis 
The loading amounts of Mn2O3 in the composites were estimated based on the 
residue masses of the composite materials estimated using the TGA technique. Figure 
6.6A shows the weight loss curves. It was calculated that samples MnC-10min, MnC-
60min and MnC-S-60min had Mn2O3 loadings of about 9%, 15% and 20%, 
respectively. These data indicate that the content of Mn2O3 was increased with reaction 
time and sonication. The enhanced manganese oxide formation with sonication is 
probably due to the ultrasound waves induced particles formation as described by 
Gedanken (2001) and Kawaoka (2004). Though the loading of manganese oxide was 
increased with sonication, the formation of large particles on the external surface of the 
carbon was also increased as is seen from Figure 6.5d. This can result in less efficient 
electrochemical utilization of the metal oxide. The near zero residue of the OGMC 
sample shows the complete removal of the silica template by hydrofluoric acid (HF). 
The derivative thermogravimetric (DTG) curves shown in Figure 6.6B demonstrate 
that the carbon combustion temperature was lowered as the manganese oxide content 
increased. The weight loss of MnC-60min occurred mostly in the range of 250-320 oC 
and MnC-10min in the range of 350 – 375 oC, which were much lower than that of 
OGMC (550 - 700 oC). The different carbon-combustion temperatures are due to the 
catalytic function of the Mn species. The second weight loss of the MnC samples in 
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the temperature range of 450 – 550 oC is possibly due to the combustion of carbon 
species in the absence of manganese oxide (Su et al., 2007b). This relatively lower 
combustion temperature range as compared to that of OGMC (550-700 oC) is most 
likely due to the different nature of the carbon species. Pure OGMC contains 
substantially large amount of graphitic carbon which has high thermal stability. After 
the self-controlled redox deposition of manganese oxide, the carbon species may be 
partially modified (become amorphous carbon) and the thermal stability was lowered.  







































Figure 6.6 (A) Weight loss curves and (B) derivative weight loss curves of samples 
OGMC and its composites. 
 
6.2.7 Nitrogen adsorption 
Figure 6.7A shows the nitrogen adsorption/desorption isotherms of carbon OGMC, 
composites MnC-10min, MnC-60min, and MnC-S-60min. All samples display a type-
IV isotherm, indicating they are mesoporous materials. The BET surface areas and 
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pore parameters of the samples are summarized in Table 6.1. It is seen that the surface 
areas were gradually decreased from 502 m2/g for sample OGMC, to 418 m2/g for 
sample MnC-10min, 360 m2/g for sample MnC-60min, and 303 m2/g for sample Mn-
S-60min. Similarly, the total pore volumes were found to decrease with increasing in 
Mn2O3 loading. This reduction in both specific surface area and pore volume with 
increasing loading of Mn2O3 is mainly due to the increased density of the composite 
materials rather than due to pore blocking by Mn2O3 as evidenced by the TEM data as 
well as the PSD curves shown in Figure 6.7B. The negligible pore size change seen 
from the PSD curves indicate that the Mn2O3 nanoparticles did not form in the 
mesopores of the carbon (Zhang et al., 2002; Zhu, 2005).  
 










































Figure 6.7 (A) Nitrogen adsorption isotherms of OGMC and MnC composites 
synthesized at different reaction conditions and (B) corresponding pore size 
distributions of OGMC and MnC composites. 
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Table 6.1 Mn2O3 contents and texture parameters of the OGMC and MnC 
samples 
Sample Total surface area Pore Volume Pore Size Mn2O3 content 
 [m2/g] [cm3/g] (nm) [wt%] 
OGMC 502 0.63 3.3 0 
MnC-10min 418 0.45 3.3 9 
MnC-60min 360 0.33 3.3 15 
MnC-S-60min 303 0.28 3 20 
 
 In the preparation of Mn-C composites of previous studies (Wu et al., 2004; Zhu, 
2005; Dong et al., 2006; Ma et al., 2007), the oxidation state of Mn was found to be of 
4+. However, according to the present study, the oxidation state of Mn was observed 
to be of 3+. The different oxidation states of Mn may be due to the different 
experimental conditions and/or different carbon surface chemistries. It has been 
reported that sufficiently acidic conditions (pH < 3) and/or the presence of –COOH 
groups on carbon are important to maintain an effective oxidation state of 4+ (Tsang et 
al., 1998). Mn3+ is stable under neutral conditions, whereas it tends to disproportionate 
under acidic conditions to give Mn4+ species in the solid phase and Mn2+ species in the 
liquid phase. In our work, a neutral condition was employed that favored the formation 
of Mn3+ species in the final products.  
6.3 Evaluation of the electrochemical properties 
Figure 6.8 compares the CV results of the various samples evaluated using a three-
electrode cell system in a 6 M KOH electrolyte solution. The average specific 
capacitance values, Cavg (F/g) of the samples were estimated from the CV curves 
according to the following equation: 
∫∆= dVVIVmvCavg )(
1
   (6.1) 
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where m (g) is the mass of the active substance, v (V/s) is the constant scan rate, ∆V 
(V) is the sweep potential window and I(V) (A) is the voltammetric current. It can be 
seen from Figure 6.8A that sample OGMC retained a rectangular CV profile even at a 
high scan rate of 50 mV/s. The vertical slope at all scan rates for OGMC indicated 
little polarization resistance. The specific capacitance values at the different scan rates 
remained almost the same for this electrode material (see Table 6.3), suggesting that 
the ordered mesopore channels of OGMC offered a fast ion transportation pathway and 
a low resistance for charge and electrolyte diffusion, thus a high rate capability. It has 
been well documented that the electrochemical properties of a carbon electrode are 
closely related to its graphitic nature (Yang et al., 2004; Wang et al., 2008), the pore 
structure as well as the pore size (Alvarez et al., 2005). The OGMC sample possesses a 
two-dimensional mesopore system containing pore size about 3 nm in diameter and 
with graphitic carbon walls, which facilitate ion and electron transportation. 
Figure 6.8B compares the CV profiles of the composite and carbon electrode 
materials measured at a scan rate of 50 mV/s. In contrast to the CV curve of OGMC, 
the CV curves for the composite electrodes showed the presence of significant redox 
peaks, indicating that faradic reactions took place during the charge-discharge 
processes. The shape differences of the CV curves between OGMC and the composite 
materials are attributed to the different capacitance mechanisms. The pure OGMC 
sample showed an electrical double-layer (EDL) capacitance, whereas the manganese 
oxide-carbon composite materials possessed a combination of both EDL and pseudo 
capacitances. It is also seen that the specific current was increased with the 
incorporation of manganese oxide nanoparticles. However, similar specific current was 
observed on samples MnC-60min and MnC-S-60min, despite that the latter had more 
mass loading of metal oxide than the former. This is attributed to the pseudocapacitive 
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properties of manganese oxide in the composite materials as well as the effect of the 
particle size on the utilization of the pseudoactive species.  



















































 Figure 6.8 CV curves for (A) OGMC in 6M KOH solution at different scan rates and 
(B) the composite materials MnCs in 6M KOH solution at scan rate of 50mV/s.  
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The charge-discharge mechanism of manganese oxides in an aqueous electrolyte is a 
complicated process. In a basic electrolyte solution, it is generally accepted that the 
reaction is based on the so-called proton-electron mechanism (Rogulski et al., 2003). 
The pesudocapacitance reaction of manganese oxides has been proposed in literature 
(Hu and Tsou, 2003):  
δδδδ +−
−+ ↔++ yxyx OHMnOeHOHMnO )()(  (6.2) 
where yx OHMnO )(  and δδ +− yx OHMnO )(  indicate the interfacial oxy-/hydroxyl- Mn 
species at higher and lower oxidation states. Xie and Gao (2007) this ref does not look 
correct have investigated the electrochemical performance of manganese oxide-CNT 
composite materials in both neutral and basic electrolyte solutions and found that the 
pseudocapacitance of the composite electrodes is higher in a basic electrolyte medium 
than in a neutral one. It can be explained that in an alkaline medium, manganese 
species will probably exist as MnOOH and/or Mn(OH)2 with a low solubility. The 
redox conversions avoid the generation of soluble Mn (VII) and Mn(II), which can 
contribute to the reversibility of the faradic reactions (Khomenko et al., 2006).  
Attempts were made to observe changes in Mn valence during the electrochemical 
test by conducting XPS analysis on various MnC samples before and after the CV test. 
Figure 6.9 shows the Mn 2p core level spectra for various MnC samples (MnC-10min, 
MnC-60min and MnC-S-60min) before and after the CV test. No obvious difference is 
seen from the Mn 2p spectra which may be due to the small variation of XPS binding 
energies of Mn 2p. The O 1s spectra were used to assess the change in oxidation state 
of Mn (Figure 6.10). Table 6.2 summarizes the deconvoluted data obtained from XPS 
analysis. Three types of oxygen bonds were identified as Mn-O-Mn at 529.7 ± 0.2 eV, 
Mn-OH/ C-O at 531.7 ± 0.2 eV, and H-O-H at 533.2 ± 0.2 eV. It should be noted that 
the OGMC support also contains oxygen and the C-O bond possesses a similar binding 
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energy to that of Mn-OH. Hence, a quantitative determination of the average oxidation 
state of Mn based on O 1s spectra is difficult because of the interference of the C-O 
bond. However, considering that the C-O bond is stable under the electrochemical test 
conditions, the change in O 1s spectra can be qualitatively attributed to the change in 
Mn-related bonds. 
















































Figure 6.9 Mn 2p core level spectra for MnC-10min, MnC-60min and MnC-S-60min 
before (as-prepared) and after EC test.    
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Figure 6.10 O 1s spectrum of MnC-60min before and after the EC test.  
 
Table 6.2 XPS analysis of sample MnC-60min before and after the EC test. The 
deconvoluted data are shown for O 1s spectra. 
 Mn 2p3/2 O 1s (eV) 
MnC-60min BE (eV)  BE (eV) area % 
as-prepared 642.2 Mn-O-Mn 529.7 44.4 
  Mn-OH/C-O 531.7 38.1 
  H-O-H 533.2 17.5 
after EC test 642.3 Mn-O-Mn 529.8 27.2 
  Mn-OH/C-O 531.9 45.0 
  H-O-H 533.4 27.8 
 
 A higher content of hydroxide oxygen (Mn-OH) and water (H-O-H) was observed 
on the MnC sample after CV test. This observation may imply a change in the 
oxidation state of Mn upon faradic reactions during the electrochemical test. As 
suggested by Eq. (2), the manganese species in MnC would probably exist as a 
complicated manganese compound, which is expressed as δδ +− yx OHMnO )( .            
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The pseudocapacitance due to manganese oxide (CMn2O3) in the composite has been 
calculated by subtracting the EDL capacitance contributed by the pure carbon substrate 
according to the following equation:  
CMn2O3 = (CMnC-CC*C%)/Mn% (6.3) 
where CMnC and CC are the specific capacitance of MnC composites and pure carbon, 
C% and Mn% are the weight percentages of carbon and Mn2O3 in the composites. The 
specific capacitance of pure carbon black XC-72 was about 30 F/g and the mass 
loading for XC72-Mn was estimated to be 15%, which is similar to that of MnC-60min. 
The data are compiled in Table 6.3. It is seen that the manganese oxide component 
exhibited a very high specific capacitance, ranging from 510 to 650 F/g at a scan rate 
of 5 mV/s for the MnC composites, and the value can be higher than 430 F/g at higher 
scan rates for samples MnC-10min and MnC-60min. In contrast, when carbon black 
XC-72 was used as carbon substrate to form the Mn-C composite, a much lower 
specific capacitance of Mn2O3 was obtained. These findings have proved that the 
homogeneous dispersion of nano-sized manganese oxide particles could reduce the 
diffusion length of ions within the pseudoactive phase, ensuring a high utilization of 
the active materials (Zhang et al., 2008a). The slightly lower specific capacitance value 
of Mn2O3 in MnC-S-60min was probably due to the larger particles formed on the 
external surface at a higher mass loading. Meanwhile, comparing to the conductive 
XC-72 carbon substrate, OGMC is shown to be a much better support for self-
controlled deposition of manganese oxide because of its ordered mesopore channels 
and the interconnected carbon framework. In addition, it is interesting to note that the 
density of OGMC and MnC-60min are estimated to be 0.92 g/cm3 and 1.6 g/cm3 (a 
high-surface-area AC is around 0.5 g/cm3), which leads to a volumetric specific 
capacitance as high as 65 F/cm3 and 253 F/cm3, respectively. This is of particular 
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importance for practical applications, especially when highly compact electrodes of 
high rate power sources are required. The electrochemical stability of the composite 
electrode (MnC-60min) was examined by charge-discharge cycling at a current density 
of 1.5 A/g and the results are shown in Figure 6.11. It is seen that over 85% of the 
original capacitance was retained after 800 cycles, showing this electrode material had 
a good cyclability. 
Table 6.3 The average specific capacitance of the OGMC and composites at 
different scan rates 
Samples 
Average Specific Capacitance 
(F/g) 
Specific capacitance of Mn2O3 
(CMn2O3) 
5 mV/s 20 mV/s 50 mV/s 5 mV/s 20 mV/s 50 mV/s 
OGMC 71 71 72    
MnC-10min 120 112 104 615 527 438 
MnC-60min 158 143 125 651 551 431 
MnC-S-
60min 160 130 125 516 366 341 
XC72-Mn 71 67 56 303 277 203 
 





















Figure 6.11 Capacity retention of the composite material MnC-60min in 6M KOH 
solution versus the number of charge/discharge cycles under current density of 1.5 
A/g. 
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6.4 Summary 
(1) The Mn2O3-carbon composite materials with nano-sized manganese oxide 
particles homogeneously dispersed into the porous structure of OGMC were 
prepared. The electrochemical results showed that mesoporous carbon with 
local graphene layers is an effective electrode to facilitate fast ionic and 
electron transportations, which are highly desirable for high-power 
supercapacitors.  
(2) With self-controlled deposition of manganese oxide nanoparticles, the total 
specific capacitance of the composite materials has been greatly enhanced by 
the pseudocapacitive properties of manganese oxides without much reduction 
in the rate. Meanwhile, the specific capacitance of over 600F/g was realized by 
the Mn2O3 component in the MnC composites.  
(3) Due to the low porosity and high mass density, high volumetric specific 
capacitance of 253 F/cm3 was obtained for the composite material which offers 
important advantage for highly compact electric power sources.  
(4) The greatly enhanced energy storage and high rate capability of the Mn2O3-
carbon composite materials are attributed to their well-tailored chemical and 
physical properties.    
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CHAPTER 7 
THREE-DIMENSIONALLY ORDERED MACROPOROUS 




Macroporous carbon was investigated as electrode materials in this chapter. Since 
the key problem with the activated carbon lies in the slow ion transportation in the 
inner pores (Salitra et al., 2000; Pandolfo and Hollenkamp, 2006; Wang et al., 2008), 
three-dimensionally ordered macroporous carbons with a hierarchical porous structure 
were prepared as that could facilitate ion transport, thus displaying a great performance 
as supercapacitor electrodes (Chai et al., 2004; Long et al., 2004; Lee, 2005; Wang et 
al., 2008). 3DOM carbons with mesoporous walls have been observed to exhibit an 
excellent rate capability but with a low energy density (Woo et al., 2008). Very 
recently, three-dimensionally ordered mesoporous carbon sphere arrays have been 
found to show a good rate performance (Liu et al., 2009). But energy storage capacity 
is lower as compared to the activated carbon. It is obvious that the three-dimensional 
pore structure with a short diffusion path can indeed provide an ideal pathway for ion 
transport.   
The pseudocapacitance from reversible faradic reactions of an electro-active 
material affords a higher energy storage capacity than the EDL capacitance. PANi, a 
conducting polymer, is a potential electrode material for pseudocapacitor applications 
because of its low cost, high conductivity in doped form, fast and stable transition 
between doped and reduced states, and easy synthesis using both chemical and 
electrochemical methods (Choi and Park, 2002; Lei et al., 2002; Ryu et al., 2002; 
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Gupta and Miura, 2005; Montilla et al., 2009). But degradation due to the swelling and 
shrinkage during the charge-discharge processes leads to a poor cycle performance. 
Research has been done to increase the utilization of the electro-active material by 
supporting PANi on carbon-based materials (Wang et al., 2006; Fan et al., 2007; 
Bleda-Martinez et al., 2008; Zhang et al., 2008b; Meng et al., 2009; Wang et al., 2009; 
Woo et al., 2009). The best electrochemical performance was observed on a PANi-
porous carbon monolith composite electrode with a specific capacitance of 2200 F g-1 
for the pure PANi phase (Fan et al., 2007). The authors also found that the electrode 
performance is largely determined by the structure of the porous carbon monolith. 
In our previous work, 3DOM carbon with microporous walls has been shown to be a 
good electrode material for electrochemical oxidation of methanol (Su et al., 2005c). 
For electrode applications in supercapacitors, the macropores interconnected by 
openings of controllable size can greatly facilitate the transport of electrolyte ions 
while the micropores may afford a nice environment for charge storage (Chmiola et al., 
2006). To improve the electrochemical performance, PANi was coated on the surface 
of 3DOM carbon in this work as schematically illustrated in Scheme 7.1, aimed to 
fabricate PANi-3DOM carbon composite electrodes for applications in supercapacitors. 
Such composites embrace desirable electrode properties, such as chemical stability 
because of the carbon matrix, small mass transport resistance owning to the 
hierarchical porous structure, and pseudo-capacitive properties due to the presence of 
active species PANi. Our experimental results indeed showed that a very high specific 
capacitance of as high as 1490 F g-1 was realized for PANi in the composite. Good rate 
performance and cycle ability were also observed over the composite electrode. The 
significantly enhanced electrochemical properties were found to be strongly related to 
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the three-dimensionally interconnected hierarchical porous structure as well as the 
morphology of the active materials.  
      
  
      
      
Scheme 7.1 A scheme illustrating the preparation process of 3DOM carbon and 
3DOMC-PANI composite.  
 
 
7.2 Characterization of 3DOMC and 3DOMC-PANi composites 
7.2.1 Characterization of  3DOM carbon 
The colloidal crystal of close-packed monodisperse silica spheres was used as 
template for the preparation of 3DOM carbon. The structure of the colloidal crystal 
template and its inverse carbon structure are shown in Figure 1. The pore size of the 
3DOM carbon depends on the size of the silica spheres forming the colloidal crystal 
template (Zakhidov et al., 1998; Woo et al., 2008). The inter-sphere interface induced 
by the sintering process ensured the removal of silica during the HF etching process. 
However, too much sintering may result in closing the passages between the octahedral 
and tetrahedral voids in the original colloidal crystal lattice (Zakhidov et al., 1998). 
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clearly seen from Figure 7.1a. Using the colloidal crystal as template, an inverse 
carbon structure was obtained as is seen from Figure 7.1b. The 3DOM carbon 
possessed uniform periodic macropores with a diameter similar to that of the silica 
spheres packed in the colloidal crystal template. A three-dimensionally interconnected 
porous network with pore windows of about 100 nm in diameter was obtained after 
removing the silica template. No obvious structural shrinkage was observed on the 
3DOM carbon sample. From the higher-magnification image depicted in Figure 7.1c, it 
appears that the pore wall of the 3DOM carbon is smooth. The TEM image shown in 
Figure 7.1d revealed a disordered microporous texture of the macropore wall. The 
presence of micropores is ascribed to the emission of small gaseous molecules (e.g., 




Figure 7.1 FESEM images of silica template (a), inverse opal structure of 3DOM 
carbon (c, d) and TEM image of 3DOM carbon. 
 
(a) 
1 µm 100 nm 
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The nitrogen adsorption-desorption isotherms are shown in Figure 7.2a. The 
isotherms are characteristic of a combination of type I and type II isotherms. The Type 
I isotherm is featured by prominent adsorption below the relative pressure of P/P0 = 
0.1, which is due to the micopore filling or monolayer adsorption due to strong 
adsorbent-adsorbate interactions (Kruk and Jaroniec, 2001). At the high relative 
pressure region (P/P0 > 0.9), the isotherm is characteristic of multilayer adsorption on 
a macroporous solid (Lee, 2005). The adsorption-branch pore size distribution curve 
computed using the DFT method is shown in Figure 7.2b. It is seen that the sample has 
micropores with an average pore diameter of about 1.4 nm. The BET specific surface 
area and total pore volume were calculated to be 1164 m2 g-1 and 0.86 cm3 g-1, 
respectively. The micropore surface area estimated using the t-plot method was about 
709 m2 g-1. From the FESEM, TEM and the nitrogen sorption results, it can be 
concluded that the 3DOM carbon has a bimodal porous structure with micropores on 
the macropore walls. Such a porous structure is favorable in electrochemical energy 
storage because the interconnected macropores ensure the electrolyte transport through 
the material. The micropores on the pore wall can shorten the diffusion length and are 
efficient in accumulation of charges (Hu, 2007; Wang et al., 2008; Liu et al., 2009).  
CV and charge-discharge measurements were conducted to assess the performance 
of 3DOM carbon as supercapacitors electrode in acidic electrolyte. The CV curves 
shown in Figure 7.3 retained rectangular shapes at all sweep rates. The steep slope in 
the current change at the switching potentials indicates a small mass-transfer resistance. 
The capacitances calculated from the galvanostatic charge-discharge data were 140 
and 125 F g-1 at the current loadings of 0.5 and 1 A g-1, respectively. The above 
electrochemical results demonstrate that the 3DOM structure possesses a good rate 
performance, but a poor energy density. 
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Figure 7.2 Nitrogen adsorption-desorption isotherm (a) and adsorption-branch pore 
size distribution (b) of the 3DOM carbon material.   
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Figure 7.3 CV curves of 3DOM carbon in 2M H2SO4 at various scan rates. 
 
7.2.2 Physical and Chemical Properties of 3DOMC-PANi Composites 
Electrochemical polymerization of aniline monomer on 3DOM carbon was 
conducted in 1 M H2SO4 with 0.05 M aniline using the potentialdynamic method. 
Various sweep rates and different deposition times were used to achieve different 
loading amounts and morphologies of the deposited PANi. The cyclic voltammograms 
recorded at 5 mV s-1 between the potential range of – 0.2 and 0.8 V are shown in 
Figure 7.4. Three pairs of redox peaks labelled as A/A’, B/B’ to C/C’, corresponding 
to the different processes of the PANi redox transitions can be seen. The two pairs of 
peaks A/A’ and C/C’ are associated with the redox of PANi molecules 
(leucoemeraldine and perigraldine species) (Lee et al., 2009). The weak peaks B/B’ are 
attributed to the double-electron redox transition between p-benzoquinone and the p-
hydroquinone through hydrolysis reaction of PANi (Hand and Nelson, 1974; Stilwell 
and Park, 1988; Spataru et al., 2007). It is known that the hydrolysis peaks appear 
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when PANi is oxidized at potential higher than 0.7 V (vs saturated calomel electrode) 
and the degradation products of PANi with shorter chains are produced. The gradual 
increase in the current with the number of cycles indicated the growth of PANi. The 
loading of PANi ranging from 8 to 35 wt% was controlled by the electrodeposition 
parameters (sweep rate and number of cycles) at the present study.  
























Potential (V vs Ag/AgCl)
 
Figure 7.4 CV curves showing the growth of PANi on 3DOM carbon in 1 M H2SO4 
with 0.5 M aniline between the potential range of -0.2 to 0.8 V at sweep rate of 5mVs-1.  
   
 
The intrinsic oxidation state of PANi ranges from the fully oxidized pernigraniline (n 
= 0, m = 1), through half-oxidized emeraldine (n = m = 0.5), to fully reduced 
leucoemeraldine (n = 1, m = 0) (Choi and Park, 2002; Golczak et al., 2008; Lee et al., 
2009). The basic chemical structure of PANi molecule is shown in Scheme 2. 
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Scheme 7.2 The basic chemical structure of PANi (n + m = 1). 
Since the chemical and electrical properties of PANi are closely linked to its 
intrinsic structure, which is the distribution of quinonoid imine (-N=), benzenoid 
amine (-NH-) as well as the positively charged nitrogen, XPS analysis was employed 
to identify the chemical nature of the PANi formed on the 3DOM carbon. As is seen 
from Figure 7.5, the deconvolution of N 1s core-level specta resulted in three peaks: 
the benzenoid amine centered at 399.4 eV, the quinonoid imine at 398.2 eV and the 
nitrogen cationic radical (N+) at 401 eV (Golczak et al., 2008; Lee et al., 2009). The 
last peak is indicative of the doping level of the polyme (Hu and Lin, 2002). Based on 
the quantitative analysis of the deconvoluted N1s spectra, an N+/N ratio of 0.25 was 
obtained, indicating a high proton doping for the deposited PANi thin film. The doping 
level is a very important factor affecting the electrical and other properties of PANi. A 
high doping level affords a better electronic conductivity (Stilwell and Park, 1988; Hu 
and Lin, 2002; Golczak et al., 2008), which is desirable in many applications, 
particularly in electrochemical applications.  















Figure 7.5. N 1s XPS core-level spectra of sample 3DOMC-PANI-50. 
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Figure 7.6. FESEM images of 3DOMC-PANI-2 (a), 3DOMC-PANI-5 (b), 3DOMC-
PANI-50 (c), 3DOMC-PANI2-16 (d); TEM images of 3DOMC-PANI-5 at different 
magnifications (e and f).   
 
 
Figure 7.6 shows the FESEM and TEM images of the 3DOMC-PANi composites 
with different loadings of PANi. Compared to the pure 3DOM carbon, the morphology 
changed slightly for the composites. Thin layer of PANi with different thicknesses 
were deposited on both inner and outer surfaces of 3DOM carbon as seen from Figures 
1 µm 100 nm 
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7.6a to 7.6c. This is desirable because both surfaces containing thin layer of PANi are 
effective in contributing pseudocapacitance to the total energy storage. It is also seen 
that with the increase in the loading of PANi, the pore window size became smaller 
and smaller. The low-magnification TEM image shown in Figure 7.6e showed no 
obvious change comparing to the pure 3DOM carbon, indicating the deposited PANi 
layer is thin. The thin layer of PANi can be seen on the macroporous carbon wall by 
careful examination of TEM image in Figure 7.6f. The high-magnification TEM image 
(inset in Figure 7.6f) indicated that the wall of the composite consists of disordered 
micropores, implying that the PANi layer is not only thin but also porous. In contrast, 
thick layer of PANi is observed from Figure 7.6d when the electrodeposition time was 
doubled at the sweep rate of 2mV s-1. Most of the pore windows are closed with the 
deposition of thick layer of PANi. The morphology of the PANi is very important 
because the pseudocapacitive properties depend very much on the surface utilization of 
the active materials (Wang et al., 2006; Zhang et al., 2008b). On the other hand, the 
closure of the pore windows will inevitably cause the blockage of the interconnected 
three-dimensional network, which will affect the electrolyte transportation. Hence, thin 
and porous layer with short ionic diffusion path is advantageous in electrochemical 
application.   
 
7.3 Evaluation of the electrochemical properties 
CV and charge-discharge testes were employed to characterize the electrochemical 
performance of various 3DOMC-PANi composites. Figure 7.7a compares the CV 
curve of a pure 3DOM carbon with composites 3DOM-PANI-50 (18 wt% PANi), 
3DOM-PANI-5 (11 wt%) and 3DOM-PANI-2 (8 wt% PANi) at the scan rate of 5 mV 
s-1. In contrast to the pure 3DOM carbon with a rectangular shape of CV, the 
composites displayed distinct redox peaks, which were attributed to the 
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pseudocapacitive properties of the deposited PANi layer. Two pairs of peaks can be 
seen: the first oxidation peak at around 0.25 V is related to the transition of PANi from 
its semiconducting-state (leucoemeraldine form) to a conducting state (polaronic 
emeraldine form). The second peak is due to the emeraldine-pernigranline transition 
(Wang et al., 2006; Montilla et al., 2009). The corresponding counter processes can be 
observed during the reverse scan. For the composite materials with a thin layer of 
PANi, the redox current was found to increase with the amount of coated PANi. It is 
observed from Figure 7.7b that there is a slight positive shift of the oxidation peaks 
with an increase in the sweep rates. This is mainly due to a slight increase in the series 
resistance over porous electrodes at high sweep rates transition (Wang et al., 2006). In 
addition, as shown in Figure 7.7b, the steep slopes at the switching potentials retained 
after the deposition of PANi at various scan rates, indicating well preserved three-
dimensionally interconnected porous network with thin layer of PANi on both inner 
and outer carbon surfaces. 
When a thicker layer of PANi was deposited with prolonged deposition time 
(sample 3DOMC-PANI2-16), a large resistance was observed as evidenced by the 
tilted CV curves shown in Figure 7.7c. This is probably due to the partial blockage of 
the interconnected pores by the deposited PANi, which resulted in a slow transport of 
the electrolyte ions to the active species. Therefore, besides the chemical and electrical 
properties, the morphology of the deposited PANi also plays an important role in the 
overall electrochemical performance of the composite materials. A careful control over 
the deposited PANi can improve the capacitive performance of the electrode.  
The largely improved capacitance performance after the incorporation of a thin layer 
of PANi can be clearly seen from the charge-discharge plot shown in Figure 7.7d. At 
the current density of 0.5 A/g, the specific capacitance was enhanced from 140 F/g for 
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pure 3DOM carbon to 352 F/g for composite 3DOMC-PANI-50. With the effective 
pseudo-contribution of PANi deposited on both the inner and outer surfaces of 3DOM 
carbon, better capacitive performance was observed in comparison to the composite 
electrode with only inner PANi deposition (Woo et al., 2009). 
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Figure 7.7 CV comparison of 3DOM carbon with its composites 3DOMC-PANi at the 
scan rate of 5 mv s-1 (a); CV plots at different scan rates for 3DOMC-PANI-5 (b) and 
3DOMC-PANI2-16 (c); Charge-discharge performance of 3DOMcarbon and its 
composites.    
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Table 7.1 summarizes the capacitive performance of all electrode materials. It can 
be observed over 2.5 times increase in capacitance was achieved by electrodeposition 
of a thin layer of PANi on the macroporous carbon surface with little rate deterioration. 
However, it can be clearly seen that the rate retention was decreased when thick layer 
of PANi was deposited. This is in line with the above conclusion that the excess PANi 
deposition would block the pore window which may slow down the mass transport of 
electrolyte ion.  
Table 7.1 EC performance of various electrode materials. 
Samples 
 Current density (0.5 A/g) 
Current density        













3DOM carbon 0 140 - 125 - 83.9 
3DOMC-PANI-50 18 352 1318 278 975 79.0 
3DOMC-PANI-5 11 287 1476 243 1198 84.7 
3DOMC-PANI-2 8 248 1490 220 1313 88.7 
3DOMC-PANI2-16 35 259 480 187 302 72.2 
 
Ctot is the total specific capacitance of the composite. 
CPANi is the specific capacitance of PANi in the composite. 
 
To find out the pseudocapacitive contribution from the PANi, the specific 
capacitance of pure PANi in the composite was calculated by subtracting the double-
layer capacitance from the overall capacitance of the composite electrode. It can be 
seen from Table 7.1 that the highest capacitance of PANi was estimated to be about 
1490 F g-1 at the current density of 0.5 A g-1 for electrode 3DOMC-PANI-2. The value 
was slightly reduced to 1313 F g-1 when the current density was increased to 1 A g-1. 
The capacitance performance of the composite materials with different loadings of 
PANI is shown in Figure 7.8. The total capacitance of the composite was increased 
with the increase in the amount of PANI deposited, then decreased when a thicker 
PANi layer was formed. It is also noted that the pseudocapacitance of PANi in the 
composite with a thin PANi layer all exceeded 1300 F g-1. However, for the composite 
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with a thick layer of PANi (sample 3DOMC-PANI2-16), the pseudocapacitance of 
PANi was only about 480 F g-1, demonstrating that the pseudocapacitive contribution 
from the active material is mainly due to the fast faradic reaction at the electrode 
surface. The effective utilization of the active species is crucial in the realization of 
pseudocapacitance. In addition, the three-dimensionally interconnected porous 
structure is very important to ensure the fast transport of electrolyte ions to the active 
surface. Hence, a thin and porous layer of active material with a short ionic diffusion 
path is favourable for electrochemical energy storage.  
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Figure 7.8 Specific capacitance of the composite materials (a) and specific capacitance 
of PANi in the composite (b) vs the mass loading of PANi at current density of 0.5 A 
g-1.  
 
The advantages of the 3DOMC-PANi composite electrode materials lie in the 
combination of the essential properties of the hierarchical porous carbon and the PANi 
thin layer. With a power density of 3 kW kg-1, the specific energy density was 
estimated to be about 182 Wh kg-1 based on the pure PANi phase in a single electrode. 
An overall capacitance of 352 F g-1 was obtained for the composite electrode at a 
current density of 0.5 A g-1, which corresponds to a specific energy density of 49 Wh 
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kg-1. This capacitive performance of the composite electrode is much better than some 
commercial activated carbons, whose specific capacitances are lower than 200 F g-1 
(Zhang and Zhao, 2009). In addition, Fan and co-workers have pointed out that the 
electrode performance is greatly affected by the porosity and interconnected porous 
structure (Fan et al., 2007). Hence, 3DOMC-PANi composite materials which offer 
good pore control with well ordered three-dimensionally interconnected porous 
network are desirable as supercapacitor electrodes.    
Figure 7.9 shows the electrochemical stability of composite electrode 3DOMC-
PANI-5 at a current density of 1.5 A g-1. It is seen that over 85% of the original 
capacitance was retained after 1000 cycles, indicating a good cycle ability of the 
composite materials. Attempts were made to study the chemical composition of PANi 
phase during the electrochemical test by conducting XPS analysis on the composite 
sample 3DOMC-PANI-5 before and after the cycling test. Figure 7.10 showed the 
deconvolution of N 1s core-level spectra before and after the cycling test. Two main 
peaks were observed on the sample after the cycling test, which are benzenoid amine (-
NH-) and nitrogen cationic radical (N+). The relative intensity of these two peaks is 
almost identical, which implies that it is essentially half-oxidized emeraldine form of 
PANi (Lee et al., 2009). Compared to the as-prepared composite sample, the changes 
in the chemical composition of PANi phase suggested the modification of active 
species by protonation process during the cycling test. This is evidenced by the largely 
increased doping level after the cycling test.    
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Figure 7.9 Cycling performance of the composite material 3DOMC-PANI-5 under 
current density of 1.5 A g-1.   















Figure 7.10 N 1s XPS core-level spectra of the composite 3DOMC-PANI-5 before and 
after cycling test. 
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7.4 Summary 
(1) 3DOMC-PANi composite electrode materials consisting of hierarchical 3DOM 
carbon and a thin layer of PANi were prepared. The electrochemical results 
showed that the composite electrode possessed good capacitive properties and a 
very high specific capacitance (1490 F g-1) for PANi in the composite.  
(2) The performance of the composite strongly depended on its microtexture. The 
advantages of using hierarchical 3DOM carbon as a support for PANi are 
summarized below: i) the ordered three-dimensionally interconnected 
macroporous structure provides a fast ion transportation pathway for the 
electrolyte to reach the surface of the active material; ii) it serves as a good 
support to overcome the degradation problem during cycling; iii) it provides a 
large surface for the deposition of active materials, thus increasing the 
utilization of the electroactive regions and iv) it also contribute EDL 
capacitance to the overall energy storage.  
(3) Additionally, a thin and porous layer of PANi deposited on the carbon wall can 
greatly shorten the diffusion length, hence providing not only an enhanced 
energy storage capacity but also a good rate capability. The greatly enhanced 
electrochemical properties of the composite materials are attributed to their 
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 Conclusions 
From this thesis work, the following conclusions can be drawn: 
(1) The template method allows one to prepare highly ordered porous carbon 
electrode materials with prescribed physical and chemical properties (e.g., 
particle size and morphology, pore size and connectivity, specific surface area, 
and surface chemistry, etc.), thus offering opportunities for both fundamental 
studies and the development of new-generation supercapacitors.  
(2) The template approach also allows one to dope carbon materials with an 
electrochemically active species to improve the overall electrocapacitive 
performance of a carbon electrode. As demonstrated in this thesis work, 
nitrogen-modified microporous carbon prepared by using a nitrogen-containing 
carbon precursor during the chemical vapor deposition process displayed a 
significantly enhanced capacitance due to the contributions of different pseudo-
capacitive processes (in a the proton-rich electrolyte, the faradic process was 
found to be mainly due to the proton exchange between the nitrogen-containing 
functional groups on the carbon electrode; in proton-free electrolytes, however, 
nitrogen-containing functionalities were observed to play an important role in 
the adsorption/desorption of K+ ions, especially at more negative potentials). 
The contribution from the electro-active functionalities and the well-ordered 
microporous texture with a hierarchical pore structure are believed to provide a 
synergetic contribution to the overall electrocapacitive performance. The 
presence of mesopores within the ordered micropore system enabled ions to 
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rapidly diffuse to approach the active surface, leading to a high-rate capability. 
Moreover, the microposity in the templated carbons secured an adequate space 
for the formation of an efficient EDL, where charge is stored.  
(3) The electrocapacitive performance of carbon electrodes can also be improved by 
doping with transition metal oxides with a high redox activity, such as Mn2O3, 
as demonstrated in this thesis work. With self-controlled deposition of 
manganese oxide nanoparticles on the surface of mesoporous carbon, the total 
specific capacitance of the composite materials can be largely enhanced by the 
pseudocapacitive properties of the Mn2O3 without significantly affecting the rate 
performance. 
(4) In addition to highly ordered microporous and mesoporous carbons prepared 
with zeolite and mesoporous silcia SBA-15 as the templates, respectively, self-
assembled colloidal crystals provide another type of template for making 3D 
interconnected macroporous carbon. Electrochemical data indeed showed that 
such carbon electrodes facilitate fast mass transfer, thus displaying a high-rate 
performance when used as a supercapcitor electrode. Functionalization of the 3D 
macroporous carbon with a conducting polymer such as polyaniline can 
remarkably increase the specific capacitance (as high as 1490 F g-1 for the 
polyaniline in the composite). It was observed that the performance of the 
composite electrode strongly depends upon its microtexture and the amount of 
the conducting polymer deposited. 
(5) Graphene with a high electric conductivity is an ideal electrode material. But the 
specific capacitance of graphene is low due to its relatively low surface area. 
Graphene sheets can be pillared to increase the surface area (like pillared clays) 
from an innovative approach as firstly demonstrated in this thesis work. A novel 
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2D graphene-based nanostructure was prepared by pillaring graphene oxide 
sheets with conducting polymers. Extremely high energy densities (as high as 70 
Wh kg-1 at a power density of 1 kW kg-1 and 50 Wh kg-1 at a power density of 2 
kW kg-1 based on a single-electrode cell) were realized on these new carbon 
nanostructures. The advantages of such pillared graphene structures when used 
as supercapacitor electrodes include: 1) the chemically exfoliated graphene 
oxide sheets dispersed in solution provide a large accessible surface for the 
attachment of a conducting polymer on both sides; 2) the 2D layered GO-
conducting polymer nanostructure can not only effectively reduce the dynamic 
resistance of electrolyte ions, but also enhance the mechanical strength of the 
composite and stabilize the polymer during the charge-discharge process; 3) the 
readily accessible conducting polymer contributes pseudocapacitance to the 
overall energy storage to a great extent.  
(6) In addition, graphene sheets can also be pillared by carbon nanotubes (CNTs) 
using a method as firstly demonstrated in this thesis work. A novel 3D graphene-
based carbon structure with CNTs pillars was designed and successfully 
prepared. Experimental data showed that the growth of 1D CNTs can be easily 
controlled by controlling the amount of a metal catalyst and the time of chemical 
vapor deposition. The synergetic effect between the 1D CNT and the 2D 
graphene sheets effectively reduces the dynamic resistance of ions, thus greatly 
enhancing the ion transport of the electrolyte. Importantly, such CNTs-pillared 
graphene sheets are highly desirable in applications not only for supercapcitors 
but also other technological applications, where fast electron transfer is required, 
such as in photocatalysis, ion transportation, energy conversion and storage.  
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8.2  Recommendations  
Improved energy storage could be achieved by designing electrode materials to 
combine EDL capacitance together with fast and highly reversible pseudo-capacitance. 
In this thesis work, improvement on energy storage capacity was achieved by 
designing electrode materials with both EDL capacitance and pseudo-capacitance. 
However, the preserve of both EDL capacitance and pseudo-capacitance in the final 
product is the key for the ultimate performance of a supercapacitor. Therefore, 
designing proper hybrid systems to optimize both the EDL capacitance and pseudo-
capacitance of the active materials in a two-electrode cell is perhaps a good research 
direction towards commercialization of advanced materials in supercapacitors 
application.  
Utilizing ionic liquid with a large electrochemical stability window is another 
research aspect to optimize the potential range for each electrode so as to widen the 
overall cell voltage. The electrolytes that are stable at high operating voltages will 
receive continuously growing research interest for designing and fabrication of high-
power and high-energy supercapacitor devices. New ionic liquids with high 
electrochemical stability windows will receive increasing research interests. Hybrid 
supercapacitor systems that can be operated with different potentials for the cathode 
and anode deserve a higher level of research and development.  
Supercapacitor development is also underway to reduce cell size and cost. These 
two issues, particularly the latter, are considered critical to the continued migration of 
supercapacitors into new applications. As cost per Farad drops over time, 
supercapacitor applications will tend to multiply.  
References 
                                                                                                                                     151 
REFERENCES 
Allen, M. J., V. C. Tung, R. B. Kaner. Honeycomb Carbon: A Review of Graphene. 
Chem. Rev., 2009. 
 
Alvarez, S., M. C. Blanco-Lopez, A. J. Miranda-Ordieres, A. B. Fuertes, T. A. Centeno. 
Electrochemical capacitor performance of mesoporous carbons obtained by templating 
technique. Carbon, 43, pp.866-870. 2005. 
 
An, K. H., W. S. Kim, Y. S. Park, J.-M. Moon, D. J. Bae, S. C. Lim, Y. S. Lee, Y. H. 
Lee. Electrochemical Properties of High-Power Supercapacitors Using Single-Walled 
Carbon Nanotube Electrodes. Adv.Funct. Mater., 11, pp.387-392. 2001. 
 
An, K. H., K. K. Jeon, J. K. Heo, S. C. Lim, D. J. Bae, Y. H. Lee. High-capacitance 
supercapacitor using a nanocomposite electrode of single-walled carbon nanotube and 
polypyrrole. J. Electrochem. Soc., 149, pp.A1058-A1062. 2002. 
 
Ang, P. K., S. A. Wang, Q. L. Bao, J. T. L. Thong, K. P. Loh. High-Throughput 
Synthesis of Graphene by Intercalation - Exfoliation of Graphite Oxide and Study of 
Ionic Screening in Graphene Transistor. ACS Nano, 3, pp.3587-3594. 2009. 
 
Ania, C. O., V. Khomenko, E. Raymundo-Pinero, J. B. Parra, F. Beguin. The large 
electrochemical capacitance of microporous doped carbon obtained by using a zeolite 
template. Adv.Funct. Mater., 17, pp.1828-1836. 2007. 
 
Arico, A. S., P. Bruce, B. Scrosati, J.-M. Tarascon, W. van Schalkwijk. Nanostructured 
materials for advanced energy conversion and storage devices. Nat. Mater, 4, pp.366-
377. 2005. 
 
Azais, P., L. Duclaux, P. Florian, D. Massiot, M.-A. Lillo-Rodenas, A. Linares-Solano, 
J.-P. Peres, C. Jehoulet and F. Beguin. Causes of supercapacitors ageing in organic 
electrolyte. J.Power Sources, 171, pp.1046-1053. 2007. 
 
Barbieri, O., M. Hahn, A. Herzog, R. Kotz. Capacitance limits of high surface area 
activated carbons for double layer capacitors. Carbon, 43, pp.1303-1310. 2005. 
 
Baughman, R. H., A. A. Zakhidov, W. A. de Heer. Carbon Nanotubes--the Route 
Toward Applications. Science, 297, pp.787-792. 2002. 
 
Beguin, F., K. Szostak, G. Lota, E. Frackowiak. A self-supporting electrode for 
supercapacitors prepared by one-step pyrolysis of carbon nanotube/polyacrylonitrile 
blends. Adv. Mater., 17, pp.2380-2388. 2005. 
 
Bleda-Martinez, M. J., D. Lozano-Castell, E. Morallon, D. Cazorla-Amoros, A. 
Linares-Solano. Chemical and electrochemical characterization of porous carbon 
materials. Carbon, 44, pp.2642-2651. 2006. 
 
Bleda-Martinez, M. J., C. Peng, S. Zhang, G. Z. Chen, E. Morallon, D. Cazorla-
Amoros. Electrochemical Methods to Enhance the Capacitance in Activated 
Carbon/Polyaniline Composites. J. Electrochem. Soc., 155, pp.A672-A678. 2008. 
References 
                                                                                                                                     152 
Bordjiba, T., M. Mohamedi and L. H. Dao, New Class of Carbon-Nanotube Aerogel 
Electrodes for Electrochemical Power Sources. Adv. Mater., 20, pp.815-819. 2008. 
 
Buchsteiner, A., A. Lerf, J. Pieper. Water Dynamics in Graphite Oxide Investigated 
with Neutron Scattering. J. Phys. Chem. B, 110, pp.22328-22338. 2006. 
 
Burke, A. Ultracapacitors: why, how, and where is the technology. J. Power Sources, 
91, pp.37-50. 2000. 
 
Bushueva, E. G., P. S. Galkin, A. V. Okotrub, L. G. Bulusheva, N. N. Gavrilov, V. L. 
Kuznetsov, S. I. Moiseekov. Double layer supercapacitor properties of onion-like 
carbon materials. Physica Status Solidi B-Basic Solid State Physics, 245, pp.2296-
2299. 2008. 
 
Carswell, A. D. W., E. A. O'Rea, B. P. Grady. Adsorbed Surfactants as Templates for 
the Synthesis of Morphologically Controlled Polyaniline and Polypyrrole 
Nanostructures on Flat Surfaces: From Spheres to Wires to Flat Films. J. Am. Chem. 
Soc., 125, pp.14793-14800. 2003. 
 
Cassagneau, T., F. Guerin, J. H. Fendler. Preparation and Characterization of Ultrathin 
Films Layer-by-Layer Self-Assembled from Graphite Oxide Nanoplatelets and 
Polymers. Langmuir, 16, pp.7318-7324. 2000. 
 
Chae, H. K., D. Y. Siberio-Perez, J. Kim, Y. Go, M. Eddaoudi, A. J. Matzger, M. 
O'Keeffe, O. M. Yaghi. A route to high surface area, porosity and inclusion of large 
molecules in crystals. Nature, 427, pp.523-527. 2004. 
 
Chai, G.S., I.S. Shin, J.-S. Yu. Synthesis of Ordered, Uniform, Macroporous Carbons 
with Mesoporous Walls Templated by Aggregates of Polystyrene Spheres and Silica 
Particles for Use as Catalyst Supports in Direct Methanol Fuel Cells. Adv. Mater., 16, 
pp.2057-2061. 2004. 
 
Chapman, D. L. Phil.Mag., 6, pp.475. 1913. 
 
Chen, C., Q.-H. Yang, Y. Yang, W. Lv, Y. Wen, P.-X. Hou, M. Wang, H.-M. Cheng. 
Self-Assembled Free-Standing Graphite Oxide Membrane. Adv. Mater., 21, pp.3007-
3011. 2009. 
 
Chen, H., X. Dong, J. Shi, J. Zhao, Z. Hua, J. Gao, M. Ruan, D. Yan. Templated 
synthesis of hierarchically porous manganese oxide with a crystalline nanorod 
framework and its high electrochemical performance. J. Mater. Chem., 17, pp.855-860. 
2007. 
 
Chen, J., A. I. Minett, Y. Liu, C. Lynam, P. Sherrell, C. Wang, G. G. Wallace. Direct 
Growth of Flexible Carbon Nanotube Electrodes. Adv. Mater., 20, pp.566-570. 2008. 
 
Chmiola, J., G. Yushin, Y. Gogotsi, C. Portet, P. Simon, P. L. Taberna. Anomalous 
increase in carbon at pore sizes less than 1 nanometer. Science, 313, pp.1760-1763. 
2006. 
References 
                                                                                                                                     153 
Choi, D., G. E. Blomgren, P. N. Kumta. Fast and reversible surface redox reaction in 
nanocrystalline vanadium nitride supercapacitors. Adv. Mater., 18, pp.1178-1182. 
2006. 
 
Choi, S.-J., S.-M. Park. Electrochemistry of Conductive Polymers. XXVI. Effects of 
Electrolytes and Growth Methods on Polyaniline Morphology. J. Electrochem.l Soc., 
149, pp.E26-E34. 2002. 
 
Choucair, M., P. Thordarson, J. A. Stride. Gram-scale production of graphene based on 
solvothermal synthesis and sonication. Nat. Nanotechnol., 4, pp.30-33. 2009. 
 
Conway, B. E. (1999). Electrochemical Supercapacitors: Scientific Fundamentals and 
Technological Applications. New York, Kluwer Academic/Plenum Publisher. 
 
Cote, L. J., R. Cruz-Silva, J. Huang. Flash Reduction and Patterning of Graphite Oxide 
and Its Polymer Composite. J. Am. Chem. Soc., 131, pp.11027-11032. 2009. 
 
Darmstadt, H., C. Roy, S. Kaliaguine, T. W. Kim, R. Ryoo. Surface and pore 
structures of CMK-5 ordered mesoporous carbons by adsorption and surface 
spectroscopy. Chem. Mater., 15, pp.3300-3307. 2003. 
 
Dhas, N. A., Y. Koltypin, A. Gedanken. Sonochemical Preparation and 
Characterization of Ultrafine Chromium Oxide and Manganese Oxide Powders. Chem. 
Mater., 9, pp.3159-3163. 1997. 
 
Dikin, D. A., S. Stankovich, E. J. Zimney, R. D. Piner, G. H. B. Dommett, G. 
Evmenenko, S. T. Nguyen, R. S. Ruoff. Preparation and characterization of graphene 
oxide paper. Nature, 448, pp.457-460. 2007. 
 
Dimitrakakis, G. K., E. Tylianakis, G. E. Froudakis. Pillared Graphene: A New 3-D 
Network Nanostructure for Enhanced Hydrogen Storage. Nano Lett., 8, pp.3166-3170. 
2008. 
 
Dong, X., W. Shen, J. Gu, L. Xiong, Y. Zhu, H. Li, J. Shi. MnO2-Embedded-in-
Mesoporous-Carbon-Wall Structure for Use as Electrochemical Capacitors. J. Phys. 
Chem. B, 110, pp.6015-6019. 2006. 
 
Echegoyen, L. and L. E. Echegoyen. Electrochemistry of Fullerenes and Their 
Derivatives. Acc. Chem. Res., 31, pp.593-601. 1998. 
 
Emtsev, K. V., A. Bostwick, K. Horn, J. Jobst, G. L. Kellogg, L. Ley, J. L. McChesney, 
T. Ohta, S. A. Reshanov, J. Rohrl, E. Rotenberg, A. K. Schmid, D. Waldmann, H. B. 
Weber, T. Seyller. Towards wafer-size graphene layers by atmospheric pressure 
graphitization of silicon carbide. Nat. Mater., 8, pp.203-207. 2009. 
 
Endo, M., T. Maeda, T. Takeda, Y. J. Kim, K. Koshiba, H. Hara, M. S. Dresselhaus. 
Capacitance and Pore-Size Distribution in Aqueous and Nonaqueous Electrolytes 




                                                                                                                                     154 
Fan, L. Z., Y. S. Hu, J. Maier, P. Adelhelm, B. Smarsly, M. Antonietti. High 
electroactivity of polyaniline in supercapacitors by using a hierarchically porous 
carbon monolith as a support. Adv. Funct. Mater., 17, pp.3083-3087. 2007. 
 
Fan, L. Z. and J. Maier. High-performance polypyrrole electrode materials for redox 
supercapacitors. Electrochem. Commun., 8, pp.937-940. 2006. 
 
Fang, B. and L. Binder. A modified activated carbon aerogel for high-energy storage in 
electric double layer capacitors. J. Power Sources, 163, pp.616-622. 2006. 
 
Fanning, P. E. and M. A. Vannice. A drifts study of the formation of surface groups on 
carbon by oxidation. Carbon, 31, pp.721-730. 1993. 
 
Figueroa, S. J. A., F. G. Requejo, E. J. Lede, L. Lamaita, M. A. Peluso, J. E. Sambeth. 
XANES study of electronic and structural nature of Mn-sites in manganese oxides with 
catalytic properties. Catal. Today, 107-108, pp.849-855. 2005. 
 
Fischer, A. E., K. A. Pettigrew, D. R. Rolison, R. M. Stroud, J. W. Long. Incorporation 
of Homogeneous, Nanoscale MnO2 within Ultraporous Carbon Structures via Self-
Limiting Electroless Deposition: Implications for Electrochemical Capacitors. Nano 
Lett., 7, pp.281-286. 2007. 
 
Frackowiak, E. Carbon materials for supercapacitor application. Phys. Chem. Chem. 
Phys., 9, pp.1774-1785. 2007. 
 
Fuertes, A. B. and S. Alvarez. Graphitic mesoporous carbons synthesised through 
mesostructured silica templates. Carbon, 42, pp.3049-3055. 2004a. 
 
Fuertes, A. B., F. Pico, J. M. Rojo. Influence of pore structure on electric double-layer 
capacitance of template mesoporous carbons. J. Power Sources, 133, pp.329-336. 
2004b. 
 
Futaba, D. N., K. Hata, T. Yamada, T. Hiraoka, Y. Hayamizu, Y. Kakudate, O. 
Tanaike, H. Hatori, M. Yumura, S. Iijima. Shape-engineerable and highly densely 
packed single-walled carbon nanotubes and their application as super-capacitor 
electrodes. Nat. Mater., 5, pp.987-994. 2006. 
 
Gao, B., G. Z. Chen, G. L. Puma. Carbon nanotubes/titanium dioxide (CNTs/TiO2) 
nanocomposites prepared by conventional and novel surfactant wrapping sol-gel 
methods exhibiting enhanced photocatalytic activity. Appl. Catal. B, 89, pp.503-509. 
2009. 
 
Gao, W., L. B. Alemany, L. Ci, P. M. Ajayan. New insights into the structure and 
reduction of graphite oxide. Nat. Chem., 1, pp.403-408. 2009. 
 
Gardner, S. D., G. B. Hoflund, M. R. Davidson, H. A. Laitinen, D. R. Schryer, B. T. 
Upchurch. Catalytic behavior of noble metal/reducible oxide materials for low-
temperature carbon monoxide oxidation. 2. Surface characterization of 
gold/manganese oxide. Langmuir, 7, pp.2140-2145. 1991. 
 
References 
                                                                                                                                     155 
Gedanken, A., X. Tang, Y. Wang, N. Perkas, Y. Koltypin, M. V. Landau, L. Vradman, 
and M. Herskowitz. Using Sonochemical Methods for the Preparation of Mesoporous  
Materials and for the Deposition of Catalysts into the Mesopores. Chem -Eur J., 7, 
pp.4546-4552. 2001. 
 
Geim, A. K. and K. S. Novoselov. The rise of graphene. Nat. Mater., 6, pp.183-191. 
2007. 
 
Geim, A. K. Graphene: Status and Prospects. Science, 324, pp.1530-1534. 2009. 
 
Giannelis, E. P. Polymer Layered Silicate Nanocomposites. Adv. Mater., 8, pp.29-35. 
1996. 
 
Godard, G., A. de Mallmann, J. P. Candy, S. Fiddy, J. M. Basset. Reductive adsorption 
of Cd2+ on a nickel surface in aqueous solution: Characterization of surface adatoms 
by in situ EXAFS. J. Phys. Chem. C, 112, pp.12936-12942. 2008. 
 
Golczak, S., A. Kanciurzewska, M. Fahlman, K. Langer, J. J. Langer. Comparative 
XPS surface study of polyaniline thin films. Solid State Ionics, 179, pp.2234-2239. 
2008. 
 
Gouy, G. J. Phys. Chem. B, 4, pp.457. 1910. 
 
Groot, F. d. Multiplet effects in X-ray spectroscopy. Coordin. Chem. Rev., 249, pp.31-
63. 2005. 
 
Gupta, V. and N. Miura. Electrochemically deposited polyaniline nanowire's network a 
high-performance electrode material for redox supercapacitor. Electrochem.Solid-State 
Lett., 8, pp. 2005. 
 
Han, Y.-F., L. Chen, K. Ramesh, E. Widjaja, S. Chilukoti, I. Kesumawinata Surjami, J. 
Chen. Kinetic and spectroscopic study of methane combustion over [alpha]-Mn2O3 
nanocrystal catalysts. J. Catal., 253, pp.261-268. 2008. 
 
Hand, R. L. and R. F. Nelson. Anodic oxidation pathways of N-alkylanilines. J. Am. 
Chem. Soc., 96, pp.850-860. 1974. 
 
Hata, K., D. N. Futaba, K. Mizuno, T. Namai, M. Yumura, S. Iijima. Water-Assisted 
Highly Efficient Synthesis of Impurity-Free Single-Walled Carbon Nanotubes. Science, 
306, pp.1362-1364. 2004. 
 
Helmholtz, H. v. Annalen der Physik, Leipzig, 89, pp.21. 1853. 
 
Hsieh, C. T. and H. Teng. Influence of oxygen treatment on electric double-layer 
capacitance of activated carbon fabrics. Carbon, 40, pp.667-674. 2002. 
 
Hu, C.-C. and J.-Y. Lin. Effects of the loading and polymerization temperature on the 




                                                                                                                                     156 
Hu, C. -C. and C.-C. Wang. Nanostructures and Capacitive Characteristics of Hydrous 
Manganese Oxide Prepared by Electrochemical Deposition. J. Electrochem. Soc., 150, 
pp.A1079-A1084. 2003. 
 
Hu, C. -C. and T. W. Tsou. The optimization of specific capacitance of amorphous 
manganese oxide for electrochemical supercapacitors using experimental strategies. J. 
Power Sources, 115, pp.179-186. 2003. 
 
Hu, C. C., K. H. Chang, M. C. Lin, Y. T. Wu. Design and tailoring of the nanotubular 
arrayed architecture of hydrous RuO2 for next generation supercapacitors. Nano Lett., 
6, pp.2690-2695. 2006. 
 
Hu, C. C., W. C. Chen, K. H. Chang. How to Achieve Maximum Utilization of 
Hydrous Ruthenium Oxide for Supercapacitors. J. Electrochem. Soc., 151, pp.A281-
A290. 2004. 
 
Hu, Y.-S., P. Adelhelm, B.M. Smarsly, S. Hore, M. Antonietti and J. Maier,. Synthesis 
of Hierarchically Porous Carbon Monoliths with Highly Ordered Microstructure and 
Their Application in Rechargeable Lithium Batteries with High-Rate Capability. Adv. 
Funct. Mater., 17, pp.1873-1878. 2007 
 
Huang, J., B. G. Sumpter, V. Meunier. Theoretical model for nanoporous carbon 
supercapacitors. Angew. Chem. - Int. Ed., 47, pp.520-524. 2008a. 
 
Huang, J., B. G. Sumpter, V. Meunier. A Universal Model for Nanoporous Carbon 
Supercapacitors Applicable to Diverse Pore Regimes, Carbon Materials, and 
Electrolytes. Chem. - .Eur. J., 14, pp.6614-6626. 2008b. 
 
Hughes, M., M. S. P. Shaffer, A.C. Renouf, C. Singh, G.Z. Chen, D.J. Fray and A. H. 
Windle,. Electrochemical Capacitance of Nanocomposite Films Formed by Coating 
Aligned Arrays of Carbon Nanotubes with Polypyrrole. Adv. Mater., 14, pp.382-385. 
2002. 
 
Hulicova, D., J. Yamashita, Y. Soneda, H. Hatori, M. Kodama. Supercapacitors 
prepared from melamine-based carbon. Chem. Mater., 17, pp.1241-1247. 2005. 
 
Hulicova, D., M. Kodama, H. Hatori. Electrochemical Performance of Nitrogen-
Enriched Carbons in Aqueous and Non-Aqueous Supercapacitors. Chem. Mater., 18, 
pp.2318-2326. 2006. 
 
Hummers, W. S. and R. E. Offeman. Preparation of Graphitic Oxide. J. Am. Chem. 
Soc., 80, pp.1339-1339. 1958. 
 
Javey, A., J. Guo, Q. Wang, M. Lundstrom, H. Dai. Ballistic carbon nanotube field-
effect transistors. Nature, 424, pp.654-657. 2003. 
 
Ji, P. F., J. L. Zhang, F. Chen, M. Anpo. Study of adsorption and degradation of acid 




                                                                                                                                     157 
Jiang, L.-Y., C.-M. Leu, K.-H. Wei. Layered Silicates/Fluorinated Polyimide 
Nanocomposites for Advanced Dielectric Materials Applications. Adv. Mater., 14, 
pp.426-429. 2002. 
 
Jiao, F. and P. Bruce. Mesoporous Crystalline β-MnO2 a Reversible Positive Electrode 
for Rechargeable Lithium Batteries. Adv. Mater., 19, pp.657-660. 2007. 
 
Joo, S. H., S. J. Choi, I. Oh, J. Kwak, Z. Liu, O. Terasaki, R. Ryoo. Ordered 
nanoporous arrays of carbon supporting high dispersions of platinum nanoparticles. 
Nature, 412, pp.169-172. 2001. 
 
Jun, S., S. H. Joo, R. Ryoo, M. Kruk, M. Jaroniec, Z. Liu, T. Ohsuna, O. Terasaki. 
Synthesis of new, nanoporous carbon with hexagonally ordered mesostructure. J. Am. 
Chem. Soc., 122, pp.10712-10713. 2000. 
 
Jurewicz, K., K. Babel, A. Ziolkowski, H. Wachowska. Ammoxidation of active 
carbons for improvement of supercapacitor characteristics. Electrochim. Acta, 48, 
pp.1491-1498. 2003. 
 
Kamat, P. V. Photochemistry on nonreactive and reactive (semiconductor) surfaces. 
Chem. Rev., 93, pp.267-300. 1993. 
 
Kawabuchi, Y., H. Oka, S. Kawano, I. Mochida, N. Yoshizawa. The modification of 
pore size in activated carbon fibers by chemical vapor deposition and its effects on 
molecular sieve selectivity. Carbon, 36, pp.377-382. 1998. 
 
Kawaoka, H., M. Hibino, H. Zhou, I. Honma. Sonochemical synthesis of amorphous 
manganese oxide coated on carbon and application to high power battery. J. Power 
Sources, 125, pp.85-89. 2004. 
 
Kelly, T. L., Y. Yamada, S. P. Y. Che, K. Yano, M. O. Wolf. Monodisperse Poly(3,4-
ethylenedioxythiophene)-Silica Microspheres: Synthesis and Assembly into 
Crystalline Colloidal Arrays. Adv. Mater., 20, pp.2616-2621. 2008. 
 
Kelly, T. L., K. Yano, M. O. Wolf. Supercapacitive Properties of PEDOT and Carbon 
Colloidal Microspheres. ACS Appl. Mater. Interfaces, 1, pp.2536-2543. 2009. 
 
Khomenko, V., E. Raymundo-Pinero, F. Beguin. Optimisation of an asymmetric 
manganese oxide/activated carbon capacitor working at 2 V in aqueous medium. J. 
Power Sources, 153, pp.183-190. 2006. 
 
Kierzek, K., E. Frackowiak, G. Lota, G. Gryglewicz, J. Machnikowski. 
Electrochemical capacitors based on highly porous carbons prepared by KOH 
activation. Electrochim. Acta, 49, pp.515-523. 2004. 
 
Kim, T. W., I. S. Park, R. Ryoo. A synthetic route to ordered mesoporous carbon 
materials with graphitic pore walls. Angew. Chem.-Int. Ed., 42, pp.4375-4379. 2003. 
 
References 
                                                                                                                                     158 
Kim, K. S., Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, J. H. Ahn, P. Kim, J. Y. Choi, B. 
H. Hong. Large-scale pattern growth of graphene films for stretchable transparent 
electrodes. Nature, 457, pp.706-710. 2009. 
 
Kim, W., J. B. Joo, N. Kim, S. Oh, P. Kim, J. Yi. Preparation of nitrogen-doped 
mesoporous carbon nanopipes for the electrochemical double layer capacitor. Carbon, 
47, pp.1407-1411. 2009. 
 
Kim, J., L. J. Cote, F. Kim, W. Yuan, K. R. Shull, J. Huang. Graphene Oxide Sheets at 
Interfaces. J. Am. Chem. Soc., 2010. 
 
Kosynkin, D. V., A. L. Higginbotham, A. Sinitskii, J. R. Lomeda, A. Dimiev, B. K. 
Price, J. M. Tour. Longitudinal unzipping of carbon nanotubes to form graphene 
nanoribbons. Nature, 458, pp.872-U5. 2009. 
 
Kotz, R. and M. Carlen. Principles and applications of electrochemical capacitors. 
Electrochim. Acta, 45, pp.2483-2498. 2000. 
 
Kovtyukhova, N. I., P. J. Ollivier, B. R. Martin, T. E. Mallouk, S. A. Chizhik, E. V. 
Buzaneva, A. D. Gorchinskiy. Layer-by-layer assembly of ultrathin composite films 
from micron-sized graphite oxide sheets and polycations. Chem. Mater., 11, pp.771-
778. 1999. 
 
Kroto, H. W., J. R. Heath, S. C. O'Brien, R. F. Curl, R. E. Smalley. C60: 
Buckminsterfullerene. Nature, 318, pp.162-163. 1985. 
 
Kruk, M. and M. Jaroniec. Gas Adsorption Characterization of Ordered 
Organic&Inorganic Nanocomposite Materials. Chem. Mater., 13, pp.3169-3183. 2001. 
 
Kruk, M., M. Jaroniec, T. W. Kim, R. Ryoo. Synthesis and characterization of 
hexagonally ordered carbon nanopipes. Chem. Mater., 15, pp.2815-2823. 2003. 
 
Kudin, K. N., B. Ozbas, H. C. Schniepp, R. K. Prud'homme, I. A. Aksay, R. Car. 
Raman spectra of graphite oxide and functionalized graphene sheets. Nano Lett., 8, 
pp.36-41. 2008. 
 
Laforgue, A., P. Simon, C. Sarrazin, J. F. Fauvarque. Polythiophene-based 
supercapacitors. J. Power Sources, 80, pp.142-148. 1999. 
 
Largeot, C., C. Portet, J. Chmiola, P. L. Taberna, Y. Gogotsi, P. Simon. Relation 
between the ion size and pore size for an electric double-layer capacitor. J. Am. Chem. 
Soc., 130, pp.2730-2731. 2008. 
 
Lee, C. Y., H. M. Tsai, H. J. Chuang, S. Y. Li, P. Lin, T. Y. Tseng. Characteristics and 
Electrochemical Performance of Supercapacitors with Manganese Oxide-Carbon 
Nanotube Nanocomposite Electrodes. J. Electrochem. Soc., 152, pp.A716-A720. 2005. 
 
Lee, K.T., J. C. Lytle, N.S. Ergang, S.M. Oh, A. Stein,. Synthesis and Rate 
Performance of Monolithic Macroporous Carbon Electrodes for Lithium-Ion 
Secondary Batteries. Adv. Funct. Mater., 15, pp.547-556. 2005. 
References 
                                                                                                                                     159 
Lee, J., S. Yoon, T. Hyeon, M. O. Seung, K. B. Kim. Synthesis of a new mesoporous 
carbon and its application to electrochemical double-layer capacitors. Chem. 
Commun.,2177 - 2178. 1999. 
 
Lee, Y., C. Chang, S. Yau, L. Fan, Y. Yang, L. O. Yang, K. Itaya. Conformations of 
Polyaniline Molecules Adsorbed on Au(111) Probed by in Situ STM and ex Situ XPS 
and NEXAFS. . Am. Chem. Soc., 131, pp.6468-6474. 2009. 
 
Lei, Y., C. Fournier, J. L. Pascal, F. Favier. Mesoporous carbon-manganese oxide 
composite as negative electrode material for supercapacitors. Micropor. Mesopor. 
Mater., 110, pp.167-176. 2008. 
 
Lei, Z., H. Zhang, S. Ma, Y. Ke, J. Li, F. Li. Electrochemical polymerization of aniline 
inside ordered macroporous carbon. Chem. Comm.,676-677. 2002. 
 
Lei, Z. B., S. Y. Bai, Y. Xiao, L. Q. Dang, L. Z. An, G. N. Zhang, Q. Xu. CMK-5 
mesoporous carbon synthesized via chemical vapor deposition of ferrocene as catalyst 
support for methanol oxidation. J. Phys. Chem. C, 112, pp.722-731. 2008. 
 
Lei, Z. B., M. Y. Zhao, L. Q. Dang, L. Z. An, M. Lu, A. Y. Lo, N. Y. Yu, S. B. Liu. 
Structural evolution and electrocatalytic application of nitrogen-doped carbon shells 
synthesized by pyrolysis of near-monodisperse polyaniline nanospheres. J. Mater. 
Chem., 19, pp.5985-5995. 2009. 
 
Li, D. and R. B. Kaner. Materials science: Graphene-based materials. Science, 320, 
pp.1170-1171. 2008. 
 
Li, D., M. B. Muller, S. Gilje, R. B. Kaner, G. G. Wallace. Processable aqueous 
dispersions of graphene nanosheets. Nat. Nanotechnol., 3, pp.101-105. 2008. 
 
Li, H.-Q., R.-L. Liu, D.-Y. Zhao, Y.-Y. Xia. Electrochemical properties of an ordered 
mesoporous carbon prepared by direct tri-constituent co-assembly. Carbon, 45, 
pp.2628-2635. 2007. 
 
Li, W., D. Chen, Z. Li, Y. Shi, Y. Wan, J. Huang, J. Yang, D. Zhao, Z. Jiang. Nitrogen 
enriched mesoporous carbon spheres obtained by a facile method and its application 
for electrochemical capacitor. Electrochem. Commun., 9, pp.569-573. 2007a. 
 
Li, W., D. Chen, Z. Li, Y. Shi, Y. Wan, G. Wang, Z. Jiang, D. Zhao. Nitrogen-
containing carbon spheres with very large uniform mesopores: The superior electrode 
materials for EDLC in organic electrolyte. Carbon, 45, pp.1757-1763. 2007b. 
 
Li, X., G. Zhang, X. Bai, X. Sun, X. Wang, E. Wang, H. Dai. Highly conducting 
graphene sheets and Langmuir-Blodgett films. Nat. Nanotech., 3, pp.538-542. 2008. 
 
Li, Y. Z., W. Xie, X. L. Hu, G. F. Shen, X. Zhou, Y. Xiang, X. J. Zhao, P. F. Fang. 
Comparison of Dye Photodegradation and its Coupling with Light-to-Electricity 
Conversion over TiO2 and ZnO. Langmuir, 26, pp.591-597. 2010. 
 
References 
                                                                                                                                     160 
Liang, C. D., Z. J. Li, S. Dai. Mesoporous carbon materials: Synthesis and 
modification. Angew. Chem.-Int. Ed., 47, pp.3696-3717. 2008. 
 
Liu, B., H. Shioyama, T. Akita, Q. Xu. Metal-organic framework as a template for 
porous carbon synthesis. J. Am. Chem. Soc., 130, pp.5390-5391. 2008. 
 
Liu, H. J., W. J. Cui, L. H. Jin, C. X. Wang, Y. Y. Xia. Preparation of three-
dimensional ordered mesoporous carbon sphere arrays by a two-step templating route 
and their application for supercapacitors. J. Mater. Chem., 19, pp.3661-3667. 2009. 
 
Liu, X., K. H. R. Baronian, A. J. Downard. Direct growth of vertically aligned carbon 
nanotubes on a planar carbon substrate by thermal chemical vapour deposition. Carbon, 
47, pp.500-506. 2009. 
 
Long, J. W., B. Dunn, D. R. Rolison and H. S. White. Three-Dimensional Battery 
Architectures. Chem. Rev., 104, pp.4463-4492. 2004. 
 
Long, J. W., K. E. Swider, C. I. Merzbacher, D. R. Rolison. Voltammetric 
Characterization of Ruthenium Oxide-Based Aerogels and Other RuO2 Solids:&nbsp; 
The Nature of Capacitance in Nanostructured Materials. Langmuir, 15, pp.780-785. 
1999. 
 
Lota, G., B. Grzyb, H. Machnikowska, J. Machnikowski, E. Frackowiak. Effect of 
nitrogen in carbon electrode on the supercapacitor performance. Chem. Phys. Lett., 
404, pp.53-58. 2005. 
 
Ma, R., Y. Bando, L. Zhang, T. Sasaki. Layered MnO2 Nanobelts: Hydrothermal 
Synthesis and Electrochemical Measurements. Adv. Mater., 16, pp.918-922. 2004. 
 
Ma, S.-B., K.-Y. Ahn, E.-S. Lee, K.-H. Oh, K.-B. Kim. Synthesis and characterization 
of manganese dioxide spontaneously coated on carbon nanotubes. Carbon, 45, pp.375-
382. 2007. 
 
Ma, S.-B., Y.-H. Lee, K.-Y. Ahn, C.-M. Kim, K.-H. Oh, K.-B. Kim. Spontaneously 
Deposited Manganese Oxide on Acetylene Black in an Aqueous Potassium 
Permanganate Solution. J. Electrochem. Soc., 153, pp.C27-C32. 2006. 
 
Ma, Z., T. Kyotani, Z. Liu, O. Terasaki, A. Tomita. Very High Surface Area 
Microporous Carbon with a Three-Dimensional Nano-Array Structure:&nbsp; 
Synthesis and Its Molecular Structure. Chem. Mater., 13, pp.4413-4415. 2001. 
 
Ma, Z., T. Kyotani, A. Tomita. Synthesis methods for preparing microporous carbons 
with a structural regularity of zeolite Y. Carbon, 40, pp.2367-2374. 2002. 
 
Machefaux, E., T. Brousse, D. Belanger, D. Guyomard. Supercapacitor behavior of 
new substituted manganese dioxides. Journal of Power Sources, 165, pp.651-655. 2007. 
McClure, J. W. Diamagnetism of Graphite. Phys. Rev., 104, pp.666-671. 1956. 
 
References 
                                                                                                                                     161 
Meng, C., C. Liu, S. Fan. Flexible carbon nanotube/polyaniline paper-like films and 
their enhanced electrochemical properties. Electrochem. Commun., 11, pp.186-189. 
2009. 
 
Mi, H. Y., X. G. Zhang, X. G. Ye, S. D. Yang. Preparation and enhanced capacitance 
of core-shell polypyrrole/polyaniline composite electrode for supercapacitors. J. Power 
Sources, 176, pp.403-409. 2008. 
 
Miller, J. R. and A. F. Burke. Electrochemical Capacitors: Challenges and 
Opportunities for Real-World Applications.. Electrochem. Soc. Interface, 17, pp.53-57. 
2008. 
 
Miller, J. R. and P. Simon. Materials Science: Electrochemical Capacitors for Energy 
Management. Science, 321, pp.651-652. 2008. 
 
Montes-Moran, M. A., D. Suarez, J. A. Menendez, E. Fuente. On the nature of basic 
sites on carbon surfaces: an overview. Carbon, 42, pp.1219-1225. 2004. 
 
Montilla, F., M. A. Cotarelo, E. Morallon. Hybrid sol-gel-conducting polymer 
synthesised by electrochemical insertion: tailoring the capacitance of polyaniline. J. 
Mater. Chem., 19, pp.305-310. 2009. 
 
Moser, H. O., B. D. F. Casse, E. P. Chew, M. Cholewa, C. Z. Diao, S. X. D. Ding, J. R. 
Kong, Z. W. Li, M. Hua, M. L. Ng, B. T. Saw, S. b. Mahmood, S. V. Vidyaraj, O. 
Wilhelmi, J. Wong, P. Yang, X. J. Yu, X. Y. Gao, A. T. S. Wee, W. S. Sim, D. Lu and 
R. B. Faltermeier. Status of and materials research at SSLS. Nuclear Instruments and 
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 
238, pp.83-86. 2005. 
 
Murugan, A. V., T. Muraliganth and A. Manthiram. Rapid, Facile Microwave-
Solvothermal Synthesis of Graphene Nanosheets and Their Polyaniline 
Nanocomposites for Energy Strorage. Chemistry of Materials, 21, pp.5004-5006. 2009. 
 
Naoi, K. and P. Simon. New Materials and New Configurations for Advanced 
Electrochemical Capacitors. Electrochem. Soc. Interface, 17, pp.34-37. 2008. 
 
Niu, C., E. K. Sichel, R. Hoch, D. Moy, H. Tennent. High power electrochemical 
capacitors based on carbon nanotube electrodes. App. Phys. Lett., 70, pp.1480-1482. 
1997. 
 
Novoselov, K. S., A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. 
V. Grigorieva, A. A. Firsov. Electric field effect in atomically thin carbon films. 
Science, 306, pp.666-669. 2004. 
 
Nystrom, G., A. Razaq, M. Stromme, L. Nyholm, A. Mihranyan. Ultrafast All-
Polymer Paper-Based Batteries. Nano Lett., 9, pp.3635-3639. 2009. 
 
Obreja, V. V. N. On the performance of supercapacitors with electrodes based on 
carbon nanotubes and carbon activated material--A review. Physica E: Low-
dimensional Systems and Nanostructures, 40, pp.2596-2605. 2008. 
References 
                                                                                                                                     162 
Otsuka, K., Y. Abe, N. Kanai, Y. Kobayashi, S. Takenaka, E. Tanabe. Synthesis of 
carbon nanotubes on Ni/carbon-fiber catalysts under mild conditions. Carbon, 42, 
pp.727-736. 2004. 
 
Pan, G., Y. Qin, X. Li, T. Hu, Z. Wu, Y. Xie. EXAFS studies on adsorption-desorption 
reversibility at manganese oxides-water interfaces: I. Irreversible adsorption of zinc 
onto manganite ([gamma]-MnOOH). J.Colloid Interf. Sci., 271, pp.28-34. 2004. 
 
Pan, H., C. K. Poh, Y. P. Feng, J. Lin. Supercapacitor electrodes from tubes-in-tube 
carbon nanostructures. Chem. Mater., 19, pp.6120-6125. 2007. 
 
Pandolfo, A. G. and A. F. Hollenkamp. Carbon properties and their role in 
supercapacitors. J. Power Sources, 157, pp.11-27. 2006. 
 
Pang, S.-C., M. A. Anderson, T. W. Chapman. Novel Electrode Materials for Thin-
Film Ultracapacitors: Comparison of Electrochemical Properties of Sol-Gel-Derived 
and Electrodeposited Manganese Dioxide. J. Electrochem. Soc., 147, pp.444-450. 2000. 
 
Park, S. and R. S. Ruoff. Chemical methods for the production of graphenes. Nat. 
Nano., 4, pp.217-224. 2009. 
 
Portet, C., J. Chmiola, Y. Gogotsi, S. Park, K. Lian. Electrochemical characterizations 
of carbon nanomaterials by the cavity microelectrode technique. Electrochim. Acta, 53, 
pp.7675-7680. 2008a. 
 
Portet, C., G. Yushin, Y. Gogotsi. Effect of Carbon Particle Size on Electrochemical 
Performance of EDLC. J. Electrochem. Soc., 155, pp.A531-A536. 2008b. 
 
Portet, C., M. A. Lillo-Rodenas, A. Linares-Solano, Y. Gogotsi. Capacitance of KOH 
activated carbide-derived carbons. Phys. Chem. Chem. Phys., 11, pp.4943-4945. 2009a. 
 
Portet, C., Z. Yang, Y. Korenblit, Y. Gogotsi, R. Mokaya, G. Yushin. Electrical 
Double-Layer Capacitance of Zeolite-Templated Carbon in Organic Electrolyte. J. 
Electrochem. Soc., 156, pp.A1-A6. 2009b. 
 
Portet, C., P. L. Taberna, P. Simon, E. Flahaut. Modification of Al Current 
Collector/Active Material Interface for Power Improvement of Electrochemical 
Capacitor Electrodes. J. Electrochem. Soc., 153, pp.A649-A653. 2006. 
 
Portet, C., G. Yushin, Y. Gogotsi. Electrochemical performance of carbon onions, 
nanodiamonds, carbon black and multiwalled nanotubes in electrical double layer 
capacitors. Carbon, 45, pp.2511-2518. 2007. 
 
Pumera, M. The Electrochemistry of Carbon Nanotubes: Fundamentals and 
Applications. Chem.- Eur J., 15, pp.4970-4978. 2009. 
 
Qu, D. and H. Shi. Studies of activated carbons used in double-layer capacitors. J. 
Power Sources, 74, pp.99-107. 1998. 
 
References 
                                                                                                                                     163 
Rao, C. N. R., A. K. Sood, K. S. Subrahmanyam, A. Govindaraj. Graphene: The New 
Two-Dimensional Nanomaterial. Angew. Chem.-Int. Ed., 48, pp.7752-7777. 2009. 
 
Raymundo-Pinero, E., V. Khomenko, E. Frackowiak, F. Beguin. Performance of 
Manganese Oxide/CNTs Composites as Electrode Materials for Electrochemical 
Capacitors. J. Electrochem. Soc., 152, pp.A229-A235. 2005. 
 
Raymundo-Pinero, E., K. Kierzek, J. Machnikowski, F. Beguin. Relationship between 
the nanoporous texture of activated carbons and their capacitance properties in 
different electrolytes. Carbon, 44, pp.2498-2507. 2006a. 
 
Raymundo-Pinero, E., F. Leroux, F. Beguin. A high-performance carbon for 
supercapacitors obtained by carbonization of a seaweed biopolymer. Adv. Mater., 18, 
pp.1877-1882. 2006b. 
 
Roberts, M. E., D. R. Wheeler, B. B. McKenzie, B. C. Bunker. High specific 
capacitance conducting polymer supercapacitor electrodes based on 
poly(tris(thiophenylphenyl)amine). J. Mater. Chem., 19, pp.6977-6979. 2009. 
 
Rogulski, Z., H. Siwek, I. Paleska, A. Czerwinski. Electrochemical behavior of 
manganese dioxide on a gold electrode. J. Electroanaly. Chem., 543, pp.175-185. 2003. 
 
Ruoff, R. Calling all chemists. Nat. Nanotechnol., 3, pp.10-11. 2008. 
 
Ryu, K. S., K. M. Kim, N. G. Park, Y. J. Park, S. H. Chang. Symmetric redox 
supercapacitor with conducting polyaniline electrodes. J. Power Sources, 103, pp.305-
309. 2002. 
 
Salitra, G., A. Soffer, L. Eliad, Y. Cohen, D. Aurbach. Carbon Electrodes for Double-
Layer Capacitors I. Relations Between Ion and Pore Dimensions. J. Electrochem. Soc., 
147, pp.2486-2493. 2000. 
 
Seredych, M., D. Hulicova-Jurcakova, G. Q. Lu, T. J. Bandosz. Surface functional 
groups of carbons and the effects of their chemical character, density and accessibility 
to ions on electrochemical performance. Carbon, 46, pp.1475-1488. 2008. 
 
Shaijumon, M. M., F. S. Ou, L. Ci, P. M. Ajayan. Synthesis of hybrid nanowire arrays 
and their application as high power supercapacitor electrodes. Chem.Comm.,2373-
2375. 2008. 
 
Simon, P. and Y. Gogotsi. Materials for electrochemical capacitors. Nat. Mater., 7, 
pp.845-854. 2008. 
 
Spataru, T., N. Spataru, A. Fujishima. Detection of aniline at boron-doped diamond 
electrodes with cathodic stripping voltammetry. Talanta, 73, pp.404-406. 2007. 
 
Stankovich, S., D. A. Dikin, G. H. B. Dommett, K. M. Kohlhaas, E. J. Zimney, E. A. 
Stach, R. D. Piner, S. T. Nguyen, R. S. Ruoff. Graphene-based composite materials. 
Nature, 442, pp.282-286. 2006.  
 
References 
                                                                                                                                     164 
Stern O., Z. Electrochem., 30, pp.508. 1924. 
 
Stilwell, D. E. and S.-M. Park. Electrochemistry of Conductive Polymers. J. 
Electrochem. Soc., 135, pp.2254-2262. 1988. 
 
Stöber, W., A. Fink, E. Bohn. Controlled growth of monodisperse silica spheres in the 
micron size range. J.Colloid Interf. Sci., 26, pp.62-69. 1968. 
 
Stoller, M. D., S. Park, Y. Zhu, J. An, R. S. Ruoff. Graphene-based ultracapacitors. 
Nano Lett., 8, pp.3498-3502. 2008. 
 
Su, F., X. S. Zhao, L. Lv, Z. Zhou. Synthesis and characterization of microporous 
carbons templated by ammonium-form zeolite Y. Carbon, 42, pp.2821-2831. 2004. 
 
Su, F., J. Zeng, X. Bao, Y. Yu, J. Y. Lee, X. S. Zhao. Preparation and Characterization 
of Highly Ordered Graphitic Mesoporous Carbon as a Pt Catalyst Support for Direct 
Methanol Fuel Cells. Chem. Mater., 17, pp.3960-3967. 2005a. 
 
Su, F., J. Zeng, Y. Yu, L. Lv, J. Y. Lee, X. S. Zhao. Template synthesis of 
microporous carbon for direct methanol fuel cell application. Carbon, 43, pp.2366-
2373. 2005b.  
 
Su, F., X. S. Zhao, Y. Wang, J. Zeng, Z. Zhou, J. Y. Lee. Synthesis of Graphitic 
Ordered Macroporous Carbon with a Three-Dimensional Interconnected Pore 
Structure for Electrochemical Applications. J. Phys. Chem. B, 109, pp.20200-20206. 
2005c. 
 
Su, F., L. Lv, F. Y. Lee, T. Liu, A. I. Cooper, X. S. Zhao. Thermally Reduced 
Ruthenium Nanoparticles as a Highly Active Heterogeneous Catalyst for 
Hydrogenation of Monoaromatics. J. Am. Chem. Soc., 129, pp.14213-14223. 2007a. 
 
Su, F., X. S. Zhao, Y. Wang, J. Y. Lee. Bridging mesoporous carbon particles with 
carbon nanotubes. Micropor. Mesopor. Mater., 98, pp.323-329. 2007b. 
 
Su, F. B., Z. Q. Tian, C. K. Poh, Z. Wang, S. H. Lim, Z. L. Liu, J. Y. Lin. Pt 
nanoparticles supported on nitrogen-doped porous carbon nanospheres as an 
electrocatalyst for fuel cells. Chem. Mater., 22, pp.in press. 2010. 
 
Subramania, A. and S. L. Devi. Polyaniline nanofibers by surfactant-assisted dilute 
polymerization for supercapacitor applications. Polym. Adv. Technol., 19, pp.725-727. 
2008. 
 
Subramanian, V., E. Wolf, P. V. Kamat. Semiconductor-metal composite 
nanostructures. To what extent do metal nanoparticles improve the photocatalytic 
activity of TiO2 films? J. Phys. Chem. B, 105, pp.11439-11446. 2001. 
 
Subramanian, V., H. Zhu, B. Wei. Synthesis and electrochemical characterizations of 
amorphous manganese oxide and single walled carbon nanotube composites as 
supercapacitor electrode materials. Electrochem. Commun., 8, pp.827-832. 2006. 
 
References 
                                                                                                                                     165 
Suppes, G. M., B. A. Deore, M. S. Freund. Porous conducting 
polymer/heteropolyoxometalate hybrid material for electrochemical supercapacitor 
applications. Langmuir, 24, pp.1064-1069. 2008. 
 
Sutter, P. W., J.-I. Flege, E. A. Sutter. Epitaxial graphene on ruthenium. Nat. Mater., 7, 
pp.406-411. 2008. 
 
Toupin, M., T. Brousse, D. Belanger. Influence of Microstucture on the Charge 
Storage Properties of Chemically Synthesized Manganese Dioxide. Chemistry of 
Materials, 14, pp.3946-3952. 2002. 
 
Toupin, M., T. Brousse, D. Belanger. Charge Storage Mechanism of MnO2 Electrode 
Used in Aqueous Electrochemical Capacitor. Chemistry of Materials, 16, pp.3184-
3190. 2004. 
 
Tran, N. E., S. G. Lambrakos, J. J. Lagowski. Analysis of Capacitance Characteristics 
of C-60, C-70, and La@C-82. J. Mater. Eng. Perform., 18, pp.95-101. 2009. 
 
Tsang, C., J. Kim, A. Manthiram. Synthesis of Manganese Oxides by Reduction of 
KMnO4with KBH4in Aqueous Solutions. J. Solid State Chem., 137, pp.28-32. 1998. 
 
Tuinstra, F. and J. L. Koenig. Raman Spectrum of Graphite. J. Chem. Phys., 53, 
pp.1126-1130. 1970. 
 
Tung, V. C., M. J. Allen, Y. Yang, R. B. Kaner. High-throughput solution processing 
of large-scale graphene. Nat.Nanotechnol., 4, pp.25-29. 2009. 
 
Van Elp, J., R. H. Potze, H. Eskes, R. Berger, G. A. Sawatzky. Electronic structure of 
MnO. Physical Review B, 44, pp.1530. 1991. 
 
Veedu, V. P., A. Cao, X. Li, K. Ma, C. Soldano, S. Kar, P. M. Ajayan, M. N. Ghasemi-
Nejhad. Multifunctional composites using reinforced laminae with carbon-nanotube 
forests. Nat. Mater., 5, pp.457-462. 2006. 
 
Vivekchand, S. R. C., C. S. Rout, K. S. Subrahmanyam, A. Govindaraj and C. N. R. 
Rao. Graphene-based electrochemical supercapacitors. J.Chem. Sci., 120, pp.9-13. 
2008. 
 
Vix-Guterl, C., E. Frackowiak, K. Jurewicz, M. Friebe, J. Parmentier, F. Beguin. 
Electrochemical energy storage in ordered porous carbon materials. Carbon, 43, 
pp.1293-1302. 2005. 
 
Wallace, P. R. The Band Theory of Graphite. Phys. Rev., 71, pp.622-634. 1947. 
 
Wang, H., H. Casalongue, Y. Liang, H. Dai, Ni(OH)2 nanoplates grown on graphene 




                                                                                                                                     166 
Wang, B., Y. Ma, N. Li, Y. Wu, F. Li, Y. Chen. Facile and Scalable Fabrication of 
Well-Aligned and Closely Packed Single-Walled Carbon Nanotube Films on Various 
Substrates. Adv. Mater.,. 2010. 
 
Wang, D. W., F. Li, M. Liu, G. Lu and H. M. Cheng. 3D Aperiodic Hierarchical 
Porous Graphitic Carbon Material for High-Rate Electrochemical Capacitive Energy 
Storage. Angew. Chem. Int. Ed., 47, pp.373-376. 2008a. 
 
Wang, D. W., F. Li, Z. G. Chen, G. Q. Lu, H. M. Cheng. Synthesis and 
Electrochemical Property of Boron-Doped Mesoporous Carbon in Supercapacitor. 
Chem. Mater., 20, pp.7195-7200. 2008b. 
 
Wang, D. W., F. Li, H. T. Fang, M. Liu, G. Q. Lu, H. M. Cheng. Effect of Pore 
Packing Defects in 2-D Ordered Mesoporous Carbons on Ionic Transport. J. Phys. 
Chem. B, 110, pp.8570-8575. 2006. 
 
Wang, D. W., F. Li, J. Zhao, W. Ren, Z. G. Chen, J. Tan, Z. S. Wu, I. Gentle, G. Q. Lu, 
H. M. Cheng. Fabrication of graphene/polyaniline composite paper via in situ anodic 
electropolymerization for high-performance flexible electrode. ACS Nano, 3, pp.1745-
1752. 2009. 
 
Wang, H., Q. Hao, X. Yang, L. Lu, X. Wang. Graphene oxide doped polyaniline for 
supercapacitors. Electrochem.Commun., 11, pp.1158-1161. 2009. 
 
Wang, X., L. J. Zhi, K. Mullen. Transparent, conductive graphene electrodes for dye-
sensitized solar cells. Nano Lett., 8, pp.323-327. 2008. 
 
Wang, Y.-G., H.-Q. Li, Y.-Y. Xia. Ordered Whiskerlike Polyaniline Grown on the 
Surface of Mesoporous Carbon and Its Electrochemical Capacitance Performance. Adv. 
Mater., 18, pp.2619-2623. 2006. 
 
Wang, Y., F. Su, C. D. Wood, J. Y. Lee, X. S. Zhao. Preparation and Characterization 
of Carbon Nanospheres as Anode Materials in Lithium-Ion Secondary Batteries. Ind. 
Eng. Chem. Res., 47, pp.2294-2300. 2008. 
 
Wei, Z., L. Zhang, M. Yu, Y. Yang, M. Wan. Self-Assembling Sub-Micrometer-Sized 
Tube Junctions and Dendrites of Conducting Polymers. Adv. Mater., 15, pp.1382-1385. 
2003. 
 
Wen, T.-C. and C.-C. Hu. Hydrogen and Oxygen Evolutions on Ru-Ir Binary Oxides. J. 
Electrochem. Soc., 139, pp.2158-2163. 1992. 
 
Winter, M. and R. J. Brodd. What are batteries, fuel cells, and supercapacitors? Chem. 
Rev., 104, pp.4245-4269. 2004. 
 
Wong, J., F. W. Lytle, R. P. Messmer, D. H. Maylotte. K-edge absorption spectra of 
selected vanadium compounds. Phys. Rev. B, 30, pp.5596. 1984. 
 
References 
                                                                                                                                     167 
Woo, S.-W., K. Dokko, H. Nakano, K. Kanamura. Incorporation of polyaniline into 
macropores of three-dimensionally ordered macroporous carbon electrode for 
electrochemical capacitors. J. Power Sources, 190, pp.596-600. 2009. 
 
Woo, S. W., K. Dokko, H. Nakano, K. Kanamura. Preparation of three dimensionally  
ordered macroporous carbon with mesoporous walls for electric double-layer 
capacitors. J. Mater. Chem., 18, pp.1674-1680. 2008. 
 
Wu, M., G. A. Snook, G. Z. Chen, D. J. Fray. Redox deposition of manganese oxide 
on graphite for supercapacitors. Electrochem. Commun., 6, pp.499-504. 2004. 
 
Wu, T., G. Liu, J. Zhao, H. Hidaka, N. Serpone. Photoassisted Degradation of Dye 
Pollutants. V. Self-Photosensitized Oxidative Transformation of Rhodamine B under 
Visible Light Irradiation in Aqueous TiO2 Dispersions. J. Phys. Chem. B, 102, 
pp.5845-5851. 1998. 
 
Wu, Y.-T. and C.-C. Hu. Effects of Electrochemical Activation and Multiwall Carbon 
Nanotubes on the Capacitive Characteristics of Thick MnO2 Deposits. J. Electrochem. 
Soc., 151, pp.A2060-A2066. 2004. 
 
Xia, J., F. Chen, J. Li, N. Tao. Measurement of the quantum capacitance of graphene. 
Nat. Nano., 4, pp.505-509. 2009. 
 
Xie, X., L. Gao. Characterization of a manganese dioxide/carbon nanotube composite 
fabricated using an in situ coating method. Carbon, 45, pp.2365-2373. 2007. 
 
Xing, W., S. Z. Qiao, R. G. Ding, F. Li, G. Q. Lu, Z. F. Yan, H. M. Cheng. Superior 
electric double layer capacitors using ordered mesoporous carbons. Carbon, 44, 
pp.216-224. 2006. 
 
Xiong, Z., L. L. Zhang, J. Ma, X. S. Zhao. Photocatalytic degradation of dyes over 
graphene-gold nanocomposites under visible light irradiation. Chem. Commun., 
DOI:10.1039/C0CC01259A, 2010. 
 
Xu, B., F. Wu, R. Chen, G. Cao, S. Chen, Z. Zhou, Y. Yang. Highly mesoporous and 
high surface area carbon: A high capacitance electrode material for EDLCs with 
various electrolytes. Electrochem. Commun., 10, pp.795-797. 2008. 
 
Xu, G. C., W. Wang, X. F. Qu, Y. S. Yin, L. Chu, B. L. He, H. K. Wu, J. R. Fang, Y. S. 
Bao, L. Liang. Electrochemical properties of polyaniline in p-toluene sulfonic acid 
solution. Eur. Polym. J., 45, pp.2701-2707. 2009. 
 
Yamada, H., H. Nakamura, F. Nakahara, I. Moriguchi, T. Kudo. Electrochemical 
Study of High Electrochemical Double Layer Capacitance of Ordered Porous Carbons 
with Both Meso/Macropores and Micropores. J. Phys. Chem. C, 111, pp.227-233. 
2007. 
 
Yan, J., T. Wei, B. Shao, Z. Fan, W. Qian, M. Zhang, F. Wei. Preparation of a 
graphene nanosheet/polyaniline composite with high specific capacitance. Carbon, 48, 
pp.487-493. 2010. 
References 
                                                                                                                                     168 
 
Yan, J., H. Zhou, P. Yu, L. Su, L. Mao. Rational Functionalization of Carbon 
Nanotubes Leading to Electrochemical Devices with Striking Applications. Adv. 
Mater., 20, pp.2899-2906. 2008. 
 
Yang, G., C. Xu, H. Li, Electrodeposited nickel hydroxide on nickel foam with 
ultrahigh capacitance. Chem. Commun. Pp6537-6539, 2008. 
 
Yang, D., A. Velamakanni, G. Bozoklu, S. Park, M. Stoller, R. D. Piner, S. Stankovich, 
I. Jung, D. A. Field, C. A. Ventrice Jr, R. S. Ruoff. Chemical analysis of graphene 
oxide films after heat and chemical treatments by X-ray photoelectron and Micro-
Raman spectroscopy. Carbon, 47, pp.145-152. 2009. 
 
Yang, H., Y. Yan, Y. Liu, F. Zhang, R. Zhang, Y. Meng, M. Li, S. Xie, B. Tu, D. Zhao. 
A Simple Melt Impregnation Method to Synthesize Ordered Mesoporous Carbon and 
Carbon Nanofiber Bundles with Graphitized Structure from Pitches. J. Phys. Chem. B, 
108, pp.17320-17328. 2004. 
 
Yang, X., X. Dou, A. Rouhanipour, L. Zhi, H. J. Rader, K. Mullen. Two-Dimensional 
Graphene Nanoribbons. Journal of the American Chemical Society, 130, pp.4216-4217. 
2008. 
 
Yang, Z., Y. Xia, R. Mokaya. Enhanced Hydrogen Storage Capacity of High Surface 
Area Zeolite-like Carbon Materials. J. Am. Chem. Soc., 129, pp.1673-1679. 2007. 
 
Yao, Y., G. Li, S. Ciston, R. M. Lueptow, K. A. Gray. Photoreactive TiO2/carbon 
nanotube composites: Synthesis and reactivity. Environ. Sci. Technol., 42, pp.4952-
4957. 2008. 
 
Yoon, H., K. Seo, N. Bagkar, J. In, J. Park, J. Kim, B. Kim. Vertical Epitaxial Co5Ge7 
Nanowire and Nanobelt Arrays on a Thin Graphitic Layer for Flexible Field Emission 
Displays. Adv. Mater., 21, pp.4979-4982. 2009. 
 
Yu, A., P. Ramesh, X. Sun, E. Bekyarova, M. E. Itkis, R. C. Haddon. Enhanced 
thermal conductivity in a hybrid graphite nanoplatelet - Carbon nanotube filler for 
epoxy composites. Adv. Mater., 20, pp.4740-4744. 2008. 
 
Yu, C., L. Zhang, J. Shi, J. Zhao, J. Gao, D. Yan. A Simple Template-Free Strategy to 
Synthesize Nanoporous Manganese and Nickel Oxides with Narrow Pore Size 
Distribution, and Their Electrochemical Properties. Adv. Funct. Mater., 18, pp.1544-
1554. 2008. 
 
Yumura, T., K. Kimura, H. Kobayashi, R. Tanaka, N. Okumura, T. Yamabe. The use 
of nanometer-sized hydrographene species for support material for fuel cell electrode 
catalysts: a theoretical proposal. Phys. Chem. Chem. Phys., 11, pp.8275-8284. 2009. 
 
Zakhidov, A. A., R. H. Baughman, Z. Iqbal, C. Cui, I. Khayrullin, S. O. Dantas, J. 
Marti, V. G. Ralchenko. Carbon Structures with Three-Dimensional Periodicity at 
Optical Wavelengths. Science, 282, pp.897-901. 1998. 
 
References 
                                                                                                                                     169 
Zhang, H., G. Cao, Z. Wang, Y. Yang, Z. Shi, Z. Gu. Growth of Manganese Oxide 
Nanoflowers on Vertically-Aligned Carbon Nanotube Arrays for High-Rate 
Electrochemical Capacitive Energy Storage. Nano Lett., 8, pp.2664-2668. 2008a. 
 
Zhang, H., G. Cao, Z. Wang, Y. Yang, Z. Shi, Z. Gu. Tube-covering-tube 
nanostructured polyaniline/carbon nanotube array composite electrode with high 
capacitance and superior rate performance as well as good cycling stability. 
Electrochem. Commun.10, pp.1056-1059. 2008b. 
Zhang, H., G. Cao, Y. Yang, Z. Gu. Comparison between electrochemical properties of 
aligned carbon nanotube array and entangled carbon nanotube electrodes. J. 
Electrochem. Soc.155, pp.k19. 2008c. 
 
Zhang, H., H. Li, F. Zhang, J. Wang, Z. Wang, S. Wang. Polyaniline nanofibers 
prepared by a facile electrochemical approach and their supercapacitor performance. J. 
Mater. Res., 23, pp.2326-2332. 2008. 
 
Zhang, H., X. Lv, Y. Li, Y. Wang, J. Li. P25-Graphene Composite as a High 
Performance Photocatalyst. ACS Nano, 4, pp.380-386. 2009. 
 
Zhang, K., L. L. Zhang, X. S. Zhao, J. Wu. Graphene/Polyaniline Nanofiber 
Composites as Supercapacitor Electrodes. Chem. Mater., 22, pp.1392-1401. 2010. 
 
Zhang, L. L., S. Li, J. Zhang, P. Guo, J. Zheng and X. S. Zhao. Enhancement of 
Electrochemical Performance of Macroporous Carbon by Surface Coating of 
Polyaniline, Chem.Mater., 22, pp.1195-1202. 2010. 
 
Zhang, L. L., X. S. Zhao. Carbon-based materials as supercapacitor electrodes. Chem. 
Soc. Rev., 38, pp.2520-2531. 2009. 
 
Zhang, L. X ., J. L. Shi, J. Yu, Z. L. Hua, X.G. Zhao, M.L. Ruan. A New In-Situ 
Reduction Route for the Synthesis of Pt Nanoclusters in the Channels of Mesoporous 
Silica SBA-15. Adv. Mater., 14, pp.1510-1513. 2002. 
 
Zhang, Q., M. Zhao, Y. Liu, A. Cao, W. Qian, Y. Lu, F. Wei. Energy-Absorbing 
Hybrid Composites Based on Alternate Carbon-Nanotube and Inorganic Layers. Adv. 
Mater., 21, pp.2876-2880. 2009. 
 
Zhang, W., J. Shi, H. Chen, Z. Hua, D. Yan. Synthesis and Characterization of 
Nanosized ZnS Confined in Ordered Mesoporous Silica. Chem. Mater., 13, pp.648-
654. 2001. 
 
Zhang, Y., H. Li, L. Pan, T. Lu, Z. Sun. Capacitive behavior of graphene-ZnO 
composite film for supercapacitors. J. Electroanal. Chem., 634, pp.68-71. 2009. 
 
Zhao, D., C. Chen, Y. Wang, W. Ma, J. Zhao, T. Rajh, L. Zang. Enhanced 
Photocatalytic Degradation of Dye Pollutants under Visible Irradiation on Al(III)-
Modified TiO2: Structure, Interaction, and Interfacial Electron Transfer. Environ. Sci. 
Technol., 42, pp.308-314. 2008. 
 
References 
                                                                                                                                     170 
Zhao, J. C., C. C. Chen, W. H. Ma. Photocatalytic degradation of organic pollutants 
under visible light irradiation. Topics in Cataly., 35, pp.269-278. 2005. 
 
Zhao, M.-Q., Q. Zhang, X.-L. Jia, J.-Q. Huang, Y.-H. Zhang, F. Wei. Hierarchical 
Composites of Single/Double-Walled Carbon Nanotubes Interlinked Flakes from 
Direct Carbon Deposition on Layered Double Hydroxides. Adv. Funct. Mater., 20, 
pp.677-685. 2010. 
 
Zhao, X., H. Tian, M. Zhu, K. Tian, J. J. Wang, F. Kang, R. A. Outlaw. Carbon 
nanosheets as the electrode material in supercapacitors. J. Power Sources, 194, 
pp.1208-1212. 2009. 
 
Zhao, X. S., F. Su, Q. Yan, W. Guo, X. Y. Bao, L. Lv, Z. Zhou. Templating methods 
for preparation of porous structures. J. Mater. Chem., 16, pp.637-648. 2006. 
 
Zheng, J. P., P. J. Cygan, T. R. Jow. Hydrous Ruthenium Oxide as an Electrode 
Material for Electrochemical Capacitors. J. Electrochem. Soc., 142, pp.2699-2703. 
1995. 
 
Zhong, W., S. Liu, X. Chen, Y. Wang, W. Yang. High-Yield Synthesis of 
Superhydrophilic Polypyrrole Nanowire Networks. Macromolecules, 39, pp.3224-
3230. 2006. 
 
Zhou, F., C. Jehoulet, A. J. Bard. Reduction and electrochemistry of fullerene C60 in 
liquid ammonia. J. Am. Chem. Soc., 114, pp.11004-11006. 2002. 
 
Zhu, S., H. Zhou, M. Hibino, I. Honma and M. Ichihara, Synthesis of MnO2 
Nanoparticles Confined in Ordered Mesoporous Carbon Using a Sonochemical 
Method. Adv. Funct. Mater., 15, pp.381-386. 2005. 
 
Zhu, M., C. J. Weber, Y. Yang, M. Konuma, U. Starke, K. Kern, A. M. Bittner. 
Chemical and electrochemical ageing of carbon materials used in supercapacitor 
electrodes. Carbon, 46, pp.1826-1840. 2008. 
 
Zhu, S., Z. Zhou, D. Zhang, H. Wang. Synthesis of mesoporous amorphous MnO2 
from SBA-15 via surface modification and ultrasonic waves. Micropor. Mesopor. 









                                                                                                                                     171 
APPENDIX 
List of publications coming from this thesis work 
Papers published (or accepted) in international referred journal 
 
1. Zhang L. L. and Zhao X. S., Carbon-based materials as supercapacitor electrodes, 
Chemical Society Review, 2009, 38: 2520-2531. 
2. Zhang L. L., Wei T., Wang W., Zhao X. S., Manganese oxide-carbon 
nanocomposites as supercapacitor electrodes, Microporous and Mesoporous Materials, 
2009, 123: 260–267. 
3. Zhang L. L., Shi Li, Jintao Zhang, Peizhi Guo, Jingtang Zheng and Zhao X. S., 
Enhancement of Electrochemical Performance of Macroporous Carbon by Surface 
Coating of Polyaniline, Chemistry of Materials, 2010, 22, 1195-1202. 
4. Zhang L. L., Zhou R and Zhao X. S., Graphene-based materials as supercapacitor 
electrodes, Journal of Materials Chemistry, 2010, 20, 5983-5992.  
5. Zhang K, Zhang L. L., Zhao X. S. and Wu J., Graphene/polyaniline nanofiber 
composites as supercapacitor electrodes, Chemistry of Materials, 2010, 22, 1392. 
6. Xiong Z.*, Zhang L. L.*, Ma J. and Zhao X. S. Photocatalytic degradation of dyes 
over graphene-gold nanocomposites under visible light irradiation. Chemical 
Communications, 2010, 46, 6099-6101. * These authors contributed equally to this 
paper. 
7. Zhang L. L., Zhao S. TIan X. and Zhao X. S., Preparation of conducting-polymer-




                                                                                                                                     172 
8. Zhang L. L., Xiong Z. and Zhao X. S., Pillaring chemically exfoliated graphene 
oxide with carbon nanotubes: material preparation, characterization and photocatalytic 
properties in degrading dyes under visible light irradiation, ACS Nano, 2010, 4, 7030-
7036. 
9. Xiong Z., Zhang L. L. and Zhao X. S., visible-light-induced dye degradation over 
copper-modified graphene, Chemistry-A European Journal. 2010, DOI: 
10.1002/chem.201002906. 
10. Tian X., Zhang L. L., Bai P. and Zhao X. S., Sulfonic-acid-functionalized porous 
benzene phenol polymer and carbon for catalytic esterification of methanol with acetic 





., Lei Z., Zhang J., Tian X. and Zhao X. S., Advances in electrode materials 
for supercapacitors., in Energy Production and Storage - Inorganic Chemical 
Strategies for a Warming World, Ed: Orabtree RH, John Wiley & Sons Limited 
Publisher, in press, 2010. 
